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Most people use maps for navigation. Geographic maps visually represent physical distance between locations. )ese maps
sometimes provide a false impression of travel times. Two cities geographically close to each other might be “far apart” in terms of
travel time because of slower connections, whereas two cities geographically distant might be “nearby” in terms of travel time
because of faster connections. Under such circumstances, visualizing a transport network using time as a distance measure can
make the transport network more understandable. )is study integrates several (carto)graphic representations—a time line, a
distance line, a time prism, a time cartogram, and a geographic map—in an interactive linked-views environment to model
reachability in transport networks. A prototype is implemented in a web environment using D3.js. )e implementation can be
applied to any transport network. In this research, the approach is illustrated with railroad network data for the Dutch province of
Overijssel. )e solution provides an alternative and insightful perspective for analyzing the data. In addition to complementing a
wide variety of methods to visualizing travel times, the approach could be applied in areas such as spatial analysis and
transport planning.

1. Introduction and Background

Sources of geographical data are abundant, and its temporal
component is often associated with change or movement.
Movement can be continuous like wind and currents in the
oceans or discrete having a clear origin and/or destination.
)is last type of movement can follow a fixed network, such as
rail or road network, or be free likemovement of animals. Due
to the complexity of the data, there is a need for the devel-
opment, application, and evaluation of interactive analytical
cartographic representations in order to produce meaningful
insights about the movement data and effectively support
spatiotemporal inference and decision-making by people
[1–3]. Of the many different available representations, most
work very well with the locational and attribute component of
data, whereas representations that also work with the data’s

temporal component have not been sufficiently developed
[4, 5].

Most people use maps for navigation. When making a
trip, travel time between two locations can in some cases be
more important than physical distance between them. In
geographic maps, however, travel time and distance do not
correlate equally across the map. For instance, city A can be
geographically close to city B, while city C is rather distant
from B, but in terms of travel time, A might be farther apart
than C because of slower or longer connections. To make
these insightful, different methods can be used to visualize
travel times.

A table can be provided to show travel times. However,
in such a case, a user loses the geographical context. On a
map, labels can be used to display travel times along seg-
ments of roads, in which case a user has to read the
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individual labels to calculate travel times (see Figure 1(a)).
Besides, labels take up space in the map and can make the
map crowded because of a large number of labels. Another
approach is to use labels at destinations only. In Figure 1(b),
all stations reachable from Enschede have a label with the
travel time needed to reach the particular station. A dis-
advantage of this solution is that it is only valid from a single
location, here Enschede. In Figure 1(c), ten-minute iso-
chrones have been drawn and time zones between the lines
have been filled with color, applying the visual variable
“value.” )e darker the zone is, the more time it takes to
reach the zone.)is has the same disadvantage as with labels
at destinations (Figure 1(b)). An alternative approach is the
use of time cartograms [6–9]. In a time cartogram, the
geographic distance between locations is replaced by travel
time. )is potentially distorts the geography accordingly.
)is distortion can give a clearer picture of what is nearby or
distant in terms of travel time (see Figure 1(d)). )e dis-
tortion of the geography, however, can make the area of
interest difficult to recognize [8, 10, 11]. Similar to the
examples in Figures 1(b) and 1(c), this solution is also valid
from a single location only. However, this may not be a
problem in an interactive environment where the user can
change the starting location. Alternative to distorting the
base map, only network segments can be distorted, keeping
the locations fixed (see [12, 13]). However, the resulting
maps from the transformation approach proposed by
Buchin et al. [12] do not suit networks in which segments are
dense and plenty because the curves might intersect, making
the cartograms harder to read (see Figure 2(a)). Similarly,
the resulting cartograms from the approach proposed byWu
and Hung [13] do not suit networks with long segments far
away from each other or with irregular patterns (see
Figure 2(b)). )ese observations made us look for other
supplemental graphic representations to model reachability
in transport networks.

For this purpose, we integrated several (carto)graphic
representations—a time line, a distance line, a time prism, a
time cartogram, and a geographic map—in an interactive
linked-views environment (as shown in Figure 3). )e de-
parture time picker (labelled 1) indicates the time during the
day. )e picker can be moved back and forth to a particular
time of the day. )is will show the time of the first train
leaving (e.g., 05 :16 AM as indicated by 2). )e geographic
map (labelled 3) visualizes the railroad network and the
spatial relationships of stations of the Dutch province of
Overijssel. )e travel origin or starting station (i.e.,
Enschede) is shown by a black square on the map and the
other stations are represented by dots. )e stations that are
reachable at a selected time instant (here 05:16 AM) are
colored green, and those that are not reachable are colored
red. )e map also shows both reachable and non-reachable
subnetworks at a selected moment in time. )e time car-
togram (labelled 4) shows the reachable subnetwork from
Enschede at a selected time instant. )e concentric circles
depict the travel times in steps of 10 minutes from Enschede
to other destinations in the reachable network. )e time line
(labelled 5) shows the travel times in minutes from Enschede
to only those stations that are reachable at a selectedmoment

in time. )e distance line (labelled 6) shows the physical
distances, based on crow flies, in kilometers from Enschede
to all stations. On both lines, the stations that are reachable
at a selected time instant are colored green. )e distance line
also shows the stations that are not reachable in red.

)e check box (indicated by 7) can be used to select one
station to see how the reachability of the selected station
changes over the day. A station can be selected by checking
the check box and then clicking on the desired station in the
geographic map. )e time budget picker (labelled 8) can be
used to choose a time budget (the time that one could spare
to travel, excluding sightseeing). Label 9 displays the chosen
time budget. An individual can travel from the starting
station to all reachable stations (indicated on the time line)
within the time budget. )e stations dynamically appear or
disappear on the time line as soon as the time budget is
increased or decreased using the time budget picker. To
better use and understand the network and explore patterns
in space and time, we linked all the views in the visualization
environment. For example, whenever one moves the mouse
over a station in any of the views, the corresponding
station is also highlighted in the other views (e.g., Ommen in
Figure 4).

)e visualization can also be animated. )e animation
runs from 12:00 AM to 11:59 PM to show how the reach-
ability of stations changes over time. An animate/pause
button is provided to run/pause the animation at any
moment in time.

Reachability in time-geography theory is indicated by
what Hägerstraand [14] referred to as the space-time prism.
)e space-time prism determines the ability of individuals to
travel to different locations in a network in a limited interval
of time. Later, several researchers have attempted to oper-
ationalize and apply the space-time prism in spatial analysis
and planning (e.g., [15–19]). However, the full potential of
the space-time prism has not been realized in locational
analysis and transportation planning [20–22].

)is research introduces a linear version of the space-time
prism by mapping the transport network onto time and dis-
tance lines. )e modified version is termed time prism. An
example of the time prism can be seen in Figures 5 and 6.
Figure 5 shows the input network: the travel origin (i.e.,
Enschede) and all other stations are indicated.)e stations that
are reachable at the selected time instant are indicated by green
dots, while the stations that are not reachable are indicated by
red dots. )e time line shows the travel times in minutes from
Enschede to only those stations that are reachable.)e distance
line shows the physical distances in kilometers from Enschede
to all stations. Figure 6 shows the network after the application
of the prism with time budgets of 40 and 80 minutes, re-
spectively. )e time lines in both cases indicate the subnet-
works that are reachable. One can travel from the origin to any
station in the reachable subnetwork within the selected time
budget. As evident,more stations can be reachedwhen the time
budget is increased from 40 minutes to 80 minutes (compare
Figure 6(a) versus Figure 6(b)).

A prototype of the visualization system was imple-
mented in a web environment using D3.js. )e imple-
mentation can be applied to any transport network. In this
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study, the approach is illustrated with railroad network data
for the Dutch province of Overijssel. Our solution provides
an alternative and insightful perspective for analyzing the
network. )e proposed method solves the clutter and
overplotting problems found in other representations, like
the labelling. In addition to complementing a wide variety of
methods to visualizing travel times, our approach could be
applied in areas such as spatial analysis and transport
planning. It can help transport planners to know how the
reachability of stations changes over time and also to in-
vestigate which segments of the transport network are
heavily-served and which are under-served. Using the vi-
sualization environment, the transport planners could figure
out which stations take more time to reach despite the fact
that they are geographically closer and could improve the
connections if needed.

)e remainder of this paper is organized as follows:
Section 2 discusses the data used to illustrate the visuali-
zation and Section 3 explains the design and imple-
mentation of the visualization environment. In Section 4,
we show how our visualization environment can be used to
answer the user questions (listed in Table 1). Finally, in
Section 5, we provide conclusions and look at possibilities
for future work.

2. Data

A dataset of the railroad network of the Dutch province of
Overijssel was used to illustrate the method. )e dataset
consists of the intercity and regular train stations and the
trains’ time tables plus an administrative map of the
province. )is network has 33 train stations and is shown in

(a) (b)

(c) (d)

Figure 1: Mapping travel time by train from the city of Enschede to other towns in the Dutch province of Overijssel. (a) Labels along
network segments. (b) Labels at destinations. (c) Isochrones. (d) A time cartogram [6].
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Figure 1(a). We chose Enschede as the starting station. Both
intercity and stop trains were considered to calculate the
travel times from Enschede to all other destinations.

3. Design and Implementation

Unlike the present design approaches on visualizing travel
times (e.g., [6, 7, 9, 12, 13, 23–31]), the design and imple-
mentation of the proposed visualization environment were
approached by using a systematic, user-centric, and task-
oriented visualization design framework (see, e.g., [32–35]).
In the first step, a set of user questions (listed in Table 1) were
formulated in coordination with both frequent and casual
train travelers. )e travelers, from 25 different nationalities,
were postgraduate students and staff members of the Faculty
of Geo-Information Science and Earth Observation at the
University of Twente in the Netherlands. For details on this
study, see our article “Usability evaluation of centered time
cartograms” in the June 2016 issue of the Journal of Open
Geosciences. Questions 1 to 5 are typical travel time ques-
tions, while others are more analytical questions. )e
questions were chosen to be real-world, with the intention to
assess the practical value of the visualization approach. In the
second step, the design and implementation of the visual-
ization environment (largely influenced by the user

questions and users’ ease in interacting with it) were carried
out to answer the user questions.

No one single visualization can completely address all
the above questions without suffering from clutter and
overplotting [35, 36].)ese problems can partly be solved by
combining different visual representations in an interactive
linked-views environment [37]. In addition, the use of
different interactive linked visual representations can be
helpful in revealing patterns otherwise missed because they
each provide their own unique perspective on the data
[4, 38–40].

To implement the visualization, we used HTML5 for
encoding web pages, CSS3 for styling and layout, SVG for
vector graphics, and JavaScript for interaction and anima-
tion. Several JavaScript frameworks and libraries support
OpenWeb Platform. We chose the D3 library [41]. D3.js is a
JavaScript library for manipulating documents program-
matically based on data. It allows binding arbitrary data to a
Document Object Model (DOM) and then applying data-
driven transformations to it. Its code structure, based on
JavaScript framework jQuery, helps to produce dynamic and
interactive data visualizations using the full capabilities of
modern web standards such as HTML5, SVG, and CSS3 in
modern web browsers [36]. Furthermore, D3 is fast and
efficient, even for large datasets [42].

(a) (b)

Figure 2: (a) A linear cartogram with fixed vertex locations showing travel times for the Dutch railroad network.)e map and the locations
are fixed, but edges are drawn as sinusoid curves to indicate travel times [12]. (b) A nonconnective linear cartogram showing travel times in
Salt Lake City, Utah. Such cartograms do not show the connectivity between line segments. Lengths and widths of road segments are
modified according to travel times [13].
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4. Working with the Visualization

Figure 3 shows the different elements of the visualization
environment and their functionalities. Below, we discuss
how our visualization environment can be used to answer
the posed user questions (see Table 1).

4.1. UQ1: How Long Does It Take to Reach Station X with the
First Train Departing after Time T? Figure 4 shows how one
can find the travel time to station X with the first train
departing after time T. Select the time instant on the time
slider (e.g., 06 : 00 AM in Figure 4). )e first train after the
selected moment leaves at 06 : 04 AM. )e time line and the
time cartogram show the travel times of all the stations that
are reachable from Enschede with the train leaving at 06 : 04
AM. )e geographic map and the distance line show all the
stations with the reachable stations in green and those not
reachable in red. By selecting any reachable station in the
map or time cartogram or on time line or distance line, one
can see how much time is needed to reach the station. In

Figure 4, Ommen is selected. )e time line and the time
cartogram show that it takes 93 minutes to reach Ommen
from Enschede with the train leaving at 06 : 04 AM. )e
distance line shows the physical distance from Enschede to
Ommen (46 kilometers).

4.2. UQ2: Which Stations Are Reachable with the Train
Departing at Time T? Clicking on the animate/pause button
plays/stops the animation. )e animation runs from 12 : 00
AM to 11 : 59 PM and shows how the reachability of stations
changes over time. )e time slider can also be moved for-
ward and backward to interact with the animation. Figures 4
and 7 explain how an individual can know which stations are
reachable with the train leaving at time T. Figure 4 shows all
stations that are reachable with the train departing at 06 : 04
AM, while Figure 7 shows all stations that are reachable at
06 :16 AM.)e reachable stations are colored green, whereas
those not reachable are colored red. One can see that fewer
stations are reachable with the train departing at 06 :16 AM
than at 06 : 04 AM.

Figure 3:)e visualization environment integrating the time line (labelled 5), the distance line (labelled 6), the time prism (labelled 1, 2, 5, 6,
8, and 9), the geographic map (labelled 3), and the time cartogram (labelled 4). All views are interactive and linked: moving the mouse over a
station in any of the views highlights the corresponding station in the other views.
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Figure 4: Travelling from Enschede with the train departing at 06:04 AM.)e reachable stations are indicated by green dots, whereas those
not reachable are indicated by red dots. )e time line (a) and the time cartogram (b) show that it takes 93 minutes to reach the highlighted
station (Ommen) from Enschede when leaving at 06:04 AM.

Figure 5: Travelling from Enschede with the train departing at 06:04 PM with no time budget constraints. )e reachable stations at the
selected moment in time are indicated by green dots, while the non-reachable stations are indicated by red dots. )e time line shows the
travel times in minutes from Enschede to only those stations that are reachable. )e distance line shows the physical distances in kilometers
from Enschede to all stations.
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Table 1: List of user questions.

User Questions

UQ1 How long does it take to reach station X with the first train departing after time T?
Example: How long does it take to reach Ommen with the first train departing after 06:00 AM?

UQ2 Which stations are reachable with the train departing at time T?
Example: Which stations are reachable with the train departing at 06:04 AM?

UQ3 Which stations can be reached within X minutes with the train departing at time T?
Example: List all stations reachable within 60 minutes with the train departing at 06:04 AM.

UQ4 When does it take the least or the most time to reach station X during time interval T1-T2?
Example: When does it take the least or the most time to reach Ommen between 06:00 AM and 07:00 AM?

UQ5

Given a time budget of X minutes, which stations can be reached with the first train departing after time T?
Example: Robert is in Enschede to attend a 3-day workshop at the University of Twente in the Netherlands. <e workshop runs from
09:00 AM to 05:00 PM daily. As he has never been in the Netherlands before, on one of the workshop days he wants to visit another place
that is close to Enschede. He can only spare 40 minutes (single trip time only, excluding sightseeing) to travel and wants to know which

cities are reachable by train from Enschede within his time budget.

UQ6 How does the reachability of station X change during the day?
Example: How does the travel time to Almelo de Riet change over time?

UQ7 Which station(s) or network segment(s) is/are heavily-served (receive more trains) or under-served (receive less trains)?
Example: Which segment of the network is heavily-served: segment A or segment B?

UQ8

Why does it take less time to reach station X than station Y, despite X being farther away than Y in geography?
Example: Why does travelling by train from Enschede to Deventer Colmschate take longer than travelling from Enschede to Deventer
(62 minutes versus 43 minutes), even though Deventer Colmschate is closer to Enschede than Deventer (46 kilometers versus 50

kilometers)?

(a)

(b)

Figure 6: An example of the time prism showing the reachable subnetworks from Enschede with the train departing at 06:04 PM after the
application of prism with time budgets of (a) 40 minutes and (b) 80 minutes.
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4.3. UQ3: Which Stations Can Be Reached within X Minutes
with the Train Departing at Time T? A traveler can in some
cases be interested to find out which stations are reachable
within X minutes with the train departing at time T. )e
numbers along the time line and the concentric circles in the
time cartogram map show travel times in minutes of the
reachable stations at a selected time instant. For instance,
one can see that fifteen stations (namely, Enschede Drie-
nerlo, Hengelo, Hengelo Oost, Oldenzaal, Borne, Delden,
Almelo de Riet, Goor, Almelo, Wierden, Nijverdal, Lochem,
Zutphen, Raalte, and Heino) are reachable within 60 min-
utes from Enschede with the train leaving at 06:04 AM (see
Figures 4(a) and 4(b)). At 06:16 AM, only four stations
(namely, Hengelo, Almelo de Riet, Almelo, and Deventer)
are reachable within 60 minutes (see Figures 7(a) and 7(b)).

4.4. UQ4: When Does It Take the Least or the Most Time to
Reach Station X during Time Interval T1-T2? )e visuali-
zation environment can help an individual to figure out
when it takes the most or the least time to reach station X
during time interval T1-T2. )e time slider can be moved
forward and backward to interact with the animation.

Clicking on the animate/pause button plays/stops the
animation. By default, the animation runs from 12:00 AM
to 11:59 PM and shows how the reachability of stations
changes over time. )e time slider and the animate/pause
button can be used to run the animation for a particular
time interval. In the graphics in Figures 4 and 8, we played
the animation from 06:00 AM to 07:00 AM and the fol-
lowing patterns were observed. At 06:04 AM, it takes 93
minutes to reach Ommen (see Figure 4). At 06:19 AM, it
takes 63 minutes to reach Ommen (see Figure 8). )e
geographic map and the time cartogram explain why it
takes more time to reach Ommen at 06:04 AM than at 06:
19 AM. At 06:04 AM, Ommen is reachable via Zwolle,
while at 06:19 AM, Ommen is reachable via Mariënberg.
)is also indicates that the shortest path to Ommen is
travelling via Mariënberg, but it takes the longest when
travelling via Zwolle.

4.5. UQ5: Given a Time Budget of X Minutes, Which Stations
Can Be Reached with the First Train Departing after Time T?
Sometimes travelers want to know which stations they can
reach with the first train leaving after time instant T

Figure 7: Travelling from Enschede with the train departing at 06:16 AM.)e reachable stations are indicated by green dots, whereas those
not reachable are indicated by red dots.
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provided a time budget of Xminutes. An example could be
the following: Robert is in Enschede to attend a 3-day
workshop at the University of Twente in the Netherlands.
)e workshop runs from 09:00 AM to 05:00 PM daily. As
he has never been in the Netherlands before, on one of the
workshop days he wants to visit another place that is close
to Enschede. He can only spare 40 minutes to travel (single
trip time only, excluding sightseeing) and wants to know
the cities that are reachable by train from Enschede within
his time budget. )e graphics in Figures 5 and 6 explain
how the visualization environment can be used to address
such queries. If Robert is at the Enschede train station at
06:04 PM with no travel budget constraints, he can reach
twenty-four stations (as shown on the time line in Fig-
ure 5). At 06:04 PM, but with a time budget of 40 minutes,
he can reach twelve stations (Figure 6(a)). If the time
budget is increased to 80 minutes, he can travel to sixteen
stations (Figure 6(b)).

4.6. UQ6: How Does the Reachability of Station X Change
during the Day? An individual or the transport planners
might be interested in knowing how the reachability of a
station X changes over time. )is can be investigated by
selecting the filter and the desired station on the geographic
map. Running the animation then shows how the reach-
ability of the selected station changes over time. In Figure 9,
the selected station is Almelo de Riet. )e animation shows
some interesting patterns. For instance, it takes 42minutes
to reach Almelo de Riet from Enschede at 04:45 AM and 21
minutes at 05:49 AM.

4.7. UQ7: Which Station(s) or Network Segment(s) Is/Are
Heavily-Served or Under-Served? )e transport planners
might also be interested in knowing which stations or
segments of the network are heavily-served and which are
under-served. Running the animation from 12:00 AM to

Figure 8: Travelling from Enschede at 06:19 AM. )e reachable stations are indicated by green dots, whereas those not reachable are
indicated by red dots. )e time line and the time cartogram show that it takes 63 minutes to reach the highlighted station (Ommen) from
Enschede when leaving at 06:19 AM.
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11:59 PM reveals interesting findings. One can find out
that the stations on the railroad segments labelled as A and
B in Figure 10 are under-served; i.e., a fewer number of
trains travel in these directions. In addition, the travel
times to these stations are longer because of the slower
connections. On the other hand, all stations on the rail-
road segments labelled as C and D in Figure 10 are heavily-
served; i.e., more trains travel in these directions. )e
stations on these railroad segments have shorter travel
times due to faster connections.

4.8. UQ8:WhyDoes It Take Less Time to Reach StationX<an
Station Y, despite X Being Farther away<anY inGeography?
Sometimes a station (e.g., X) takes less travel time to reach
than another station (e.g., Y), despite X being farther away
than Y in geography. )is is because of the different train
types: those that stop at every station (stop trains) and
those that stop only at the main stations (intercity trains).
Consider Figure 11. Travelling by train from Enschede to

Deventer Colmschate takes longer time than travelling
from Enschede to Deventer (62 minutes versus 43 min-
utes) because of slower connections, even though
Deventer Colmschate is closer to Enschede than Deventer
(46 kilometers versus 50 kilometers). Deventer is an in-
tercity or main station and is served by intercity trains. On
the other hand, Deventer Colmschate is a regular station
and is served by stop trains. Similarly, it takes more time
to reach Almelo de Riet than Almelo (41 minutes versus 19
minutes), despite Almelo de Riet being closer than Almelo
in geography (21 kilometers versus 22 kilometers). )is
can be seen in Figure 12. Our visualization environment
can be helpful for transport planners to figure out which
stations take longer time to reach despite the fact that they
are geographically closer and improve the connections if
needed. )ese patterns can be discovered from the
crossing lines on time line/distance line (as seen in
Figures 11(a) and 12(a)) and also self-crossing railroad
lines in the time cartogram (as seen in Figures 11(b) and
12(b)).

(a)

(b)

Figure 9: Travelling to Almelo de Riet from Enschede at 04:45 AM (a) and 05:49 AM (b).
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Figure 11: Travelling to Deventer and Deventer Colmschate from Enschede at 05:16 AM.

Figure 10: Under-served versus heavily-served stations and network segments.)e stations on the railroad segments labelled as A and B are
under-served, whereas the stations on the railroad segments labelled as C and D are heavily-served.

Mobile Information Systems 11



5. Conclusions and Future Work

)is research has presented the concept of a systematic,
user-centric, and task-oriented visualization design
framework for modelling reachability in transport net-
works. In the first step, a set of user questions were
formulated in coordination with both frequent and casual
train travelers. In the second step, the design and
implementation of the visualization environment (largely
influenced by the user questions and users’ ease in
interacting with it) were carried out to answer the
questions posed by the users.

We integrated several (carto)graphic representations,
the time line, the distance line, the time prism, the time
cartogram, and the geographic map, in an interactive
linked-views environment. A prototype was implemented
in a web environment using D3.js. )e implementation
can be applied to any transport network. In this research,
this has been achieved in the context of a large Dutch
province of Overijssel with a fairly complex railroad
network. )is is a testament to the power and flexibility of
our approach.

)e approach as presented and used here provides an
easily understood method for examining accessibility in
transport networks. As is clear from the foregoing, the
solution provides an alternative perspective for analyzing
the network and gaining valuable insights. As a
supplement to existing methods for visualizing travel
times, our approach could be applied in areas such as

spatial analysis and transport planning. )e approach
can also be the basis of more sophisticated analysis
techniques.

In the future, we intend to perform a comprehensive
usability evaluation and further develop the visualization
environment so that it can be used by train travelers to plan
their trips and transport planners as a visual analytical tool
to analyze the transport network in a more focused
manner.
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