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Abstract. In this paper we introduce an approach for visualizing large spa-
tial time series data sets on mobile devices. We are employing the HeatTile
system (Meier, Heidmann, & Thom, 2014) and extending it with a progres-
sive loading approach, the stream approach. By combining those two ap-
proaches we are trying to overcome the performance and bandwidth limita-
tions inherent to mobile devices. We will focus on the technological ad-
vantages of the presented approach in a performance comparison with oth-
er common approaches. Furthermore, we will introduce an animated time
series visualization as well as an interface designed specifically for the pre-
sented method in order to emphasize the advantages of the approach. To
further highlight the possible applications of the method we will present
two real-world use cases.

Keywords: Geovisualization, Web, Time Series

1. Introduction

Maps and visualizations of spatial data have become an important compo-
nent in mobile applications. From navigation to location based social net-
works to location-based recommender systems, maps and the display of
georeferenced data have become a common UI pattern. Nonetheless, the
variety of visualizations of spatial data found in common mobile applica-
tions is still limited.

One of the reasons for that are the limitations inherent to mobile devices.
Even though the latest devices are equipped with powerful processors and
the telecommunication companies keep on enhancing bandwidth perfor-
mance, mobile devices are still inferior to desktop computers. Most modern
visualizations are still optimized for those stationary machines. The grow-



ing mobile sector and its ubiquitousness in our every day life asks for inno-
vation in the development of mobile centered maps and geovisualizations.
Thus, we need to overcome the technological obstacles and improve our
methods to take mobile devices into account.

In this paper, we are looking into the visualization of large spatial time se-
ries data sets, a type of data set that has received a lot of notion in the field
of conventional GIS. A well-known example is the space-time cube, which
was introduced by Hagerstrand in the late 1960s (Héagerstrand, 1970; Lenn-
torp, 1999) and more recently reviewed by Kraak (Kraak, 2003; 2008;
Kraak & Koussoulakou, 2005). Current work in the area has been conduct-
ed by MacEachran (MacEachren, Wachowicz, Edsall, Haug, & Masters,
1998), Andrienko (N. Andrienko & Andrienko, 2007; N. Andrienko, Andri-
enko, & Gatalsky, 2003; Gatalsky, Andrienko, & Andrienko, 2004), Dykes
(Dykes & Mountain, 2003) and Wood (Wood, Dykes, Slingsby, & Clarke,
2007). Even though some of the examples do use data gathered from mo-
bile phones, none of the examples elaborates on visualizing those data sets
on mobile devices.

2. Problem definition

Mobile devices confront developers and designers with multiple limitations
in regards to implementing geovisualizations. Regarding technological as-
pects one can observe that, for one thing, bandwidth limitations are re-
stricting the size of transmitted data. For the other thing, there are phone
specific processing limitations in the form of processor speed and memory.
Concerning the design of the visualization as well as the interactions and
the overall experience we have to focus on multitouch technology as the
primary input method. When implementing geovisualizations on mobile
devices, we additionally need to deal with smaller screen size.

In the context of large spatial time series data sets the question arises how
we can present such a bandwidth intensive data set on mobile devices while
taking the limitations outlined above into account.

3. Related Works

Providing progressive visualizations of data-heavy objects on limited band-
width systems is already in use in many areas. One of the most prominent
examples for dealing with limited bandwidth systems can be found in more
complex image formats on the web. The GIF (CompuServe Incorporated,
1990), JPEG (CCITT Study Group VIII & The Joint Photographic Experts



Group JPEG, 1992) and PNG (Boutell & Costello, 2003) formats offer so
called progressive or interlaced saving modes (Wikipedia, 2014a) which
means that the saving process produces multiple levels of detail (LOD),
allowing the user to see a low-resolution version of the image while the high
resolution image is still loading. Similar approaches are used in modern
online video platforms. Here, the adaptive bitrate streaming method offers
a video in multiple resolutions, depending on the available bandwidth and
buffer (Wikipedia, 2014b).

This progressive approach to displaying bandwidth-heavy objects was re-
cently applied to interactive web based data visualization by Glueck et al
(Glueck, Khan, & Wigdor, 2014). In their recent project “Dive In”, they pre-
sent a similar progressive loading approach for graph visualizations. This
method deployed by Glueck et al. allows the user to quickly browse through
a large data set and receive an instant overview visualization that becomes
more detailed as the client receives more detailed data from the server.

In regards to mobile maps Sester and Brenner used the same approach to
apply a progressive loading tool in the form of “continuous generalization”
onto maps (Sester & Brenner, 2005). Even though their primary motivation
was not to enhance the loading of maps but the handling of the zoom levels
and by that creating more generalized visualizations for lower zoom levels
and more detailed visualizations for higher zoom levels.

The major difference between Glueck’s and Sester’s coarse overview meth-
ods in comparison to the stream approach discussed in this paper is that
the latter does not only focus on the level of detail (LOD). Instead, its focus
lies on the virtue of the time-dimension, which is progressively loaded, sim-
ilar to videos provided through online streaming-services (see above),
which makes it possible to progressively load timeseries-visualizations.

4. Visualization

In modern GIS a variety of visualization types are used to display multivari-
ate spatial time series data, e.g. the aforementioned space-time cube. This
paper, however, focuses on animated heat maps.

“Heat maps enable viewers to quickly identify high density areas without losing the general
spatial context. This is typically useful when analysing multivariate geospatial data, where
users need to get a sense of the correlation between geographical features and another mea-
surement.“ (Pettit, Widjaja, Sinnott, & Stimson, 2012)

The feature of keeping the geospatial context becomes even more promi-
nent when combined with slippy maps that allow users to zoom and pan in
order to identify geographic regions and explore their spatial context. The



use of heat maps has already been discussed in many contexts, e.g. “Volun-
teered Geographic Information Systems” (Trame & KeBler, 2011), “Road
Incident Data” (Dillingham, Mills, & Dykes, 2011) or “Social Context”
(Komninos, Besharat, Ferreira, & Garofalakis, 2013), just to name a few.
The visualization (See Figure 2) itself will not be further discussed in this
paper, as the focus lies on the technical aspects of the stream approach
employed to load and generate the heat maps.

5. Technical Solution

On the server side of the stream approach the clustering approach of the
HeatTile system (Meier et al., 2014) is used, which allows for creating
GeoJSON (Butler et al., 2008) files containing the heat map data. While the
existing HeatTile system is generating tiled heat maps for a specific data
set, the time series, data dealt with in this context, requires multiple heat
maps, one for each point in time. Consequently, a series of GeoJSONs need
to be loaded in the process, depending on the length of the time series. Re-
questing a lot of files from a server is common bad practice in web devel-
opment because a request time is added to the actual response time (Yahoo,
2014). In order to overcome this problem the recently introduced Even-
tSource interface (Hickson, 2012) can be used. This method requests a file
from a server and processes it as soon as the data is being pushed to the
client, instead of waiting for the download process to be completed. This
allows sending multiple GeoJSONs concatenated in one large file to the
client and, instead of waiting until the whole file has completed loading,
start processing the individual GeoJSONs, which have been concatenated,
as soon as the server has finished sending the individual segment.

5.1. Reliability

When it comes to mobile networks, a problem that needs to be dealt with is
the loss of connection. Especially if a user is trying to load large files, or a
website is using a series of asynchronous loading requests, a loss of connec-
tion can lead to missing data or, even worse, a malfunctioning website. The
EventSource interface has a built-in functionality to overcome this prob-
lem. More precisely, the interface has a “reconnect function”, which means
that the data coming from the server is only processed if it is completely
transmitted. As soon as the connection is lost, the API tries to reconnect.
The system even offers developers the opportunity to define a reconnect
timeout. When a reconnection is established, the system proceeds with the
last set of data that was sent before the loss of connection until the whole
data set is received.



6. Interface Solution

The idea to use the EventSource interface is not only inspired by an in-
creased loading performance. The waiting time for websites and its effect on
the perceived quality of the user experience is a thoroughly discussed topic
in the web HCI community (Antonides, Verhoef, & van Aalst, 2001; Egger,
Hossfeld, Schatz, & Fiedler, 2012; Nah, 2004; Roto & Oulasvirta, 2005;
Sears, Jacko, & Borella, 1997). Keeping latency short or, rather, file sizes
small is therefore an important part of web optimization. As the waiting
time cannot be completely avoided in a loading process, the stream ap-
proach is trying to improve the overall user experience of the time series
visualization by making use of the EventSource interface’s ability to deliver
data progressively.
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Figure 1. Implementation of the heat map animation with the overview
progress bar interface at the bottom. From left to right: 1.1 Initial Loading
View with overview visualization 1.2. Overview visualization is used as a
progress bar 1.3. The playhead shows the current position on the timeline
1.4. The animation is paused

By utilizing the new functionality we implement two improvements. First of
all, we have extended the HeatTile system in order to produce an overview
data set, holding the maximum value per point in time. Depending on the
visualization, this could of course be modified to include minimum, average
or other values. This overview visualization is sent through the EventSource
interface as the first data set. This allows us to quickly provide the user with
a first impression of the time series data set and provide her with a first
glance at the data until the whole set is loaded (Fig. 1.1).

In order to inform the user about the loading progress, we use the overview
visualization to display the data that has already been loaded and include
the remaining data that is still to load in form of a progress bar (Fig. 1.2).



Hence, the user has a better feeling of what is happening in the system
while also reducing the perceived waiting time (Myers, 1985).

Furthermore, we calculate the remaining time that is needed for loading the
complete data set. If no losses of connection occur, we are able to start the
playback of the time series even if the data is incomplete because we can
calculate the time needed for playing the whole set and the time remaining
for loading the remaining data.
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Figure 2. 10 sample frames from the earthquake animation.

7. Performance

In this paper we have presented the stream approach as an extension to the
HeatTile system to optimize the visualization of multiple GeoJSON layers
in form of an animation for mobile devices. In order to highlight the per-
formance increase, the stream approach was compared to a consecutive
and a asynchronous approach (See Figure 3). The consecutive loading ap-
proach requests one GeoJSON time frame, waits for the request to finish
loading and afterwards loads the next time frame until all frames are com-
pletely loaded. This approach is good for estimating the complete loading
time and handling errors, e.g. interruptions on mobile networks. The asyn-
chronous loading approach tries to load as many time frames at the same
time as possible. Therefore, all file requests are sent almost immediately in
parallel to the server after the page starts to load. Since most servers can
handle multiple file requests from each client at the same time, this method
is a good alternative, especially on fast connections. On the other hand,
handling loading errors and estimating the remaining time until the play-
back is ready to start is harder to calculate, as the files are not necessarily
being loaded in a consecutive order.

The three methods were compared with the same data set sample (from Use
Case 2) with three broadband conditions: 3G (750Kbps), DSL (2Mbps) and
WiFi (30Mbps). Each method was tested 20 times under each condition,
resulting in 180 speed test results. As we can see in Figure 4, the stream
approach is faster than the other approaches, especially on the slow net-
work.
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Figure 3. Comparison of file loading approaches.
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Figure 4. Performance comparison related to network speed: red stream
approach, green asynchronous approach, black consecutive approach. Time
on the y-axis in milliseconds.

8. Use Cases

Maps and spatial data are an embedded component of many mobile appli-
cations. From weather applications to recommender systems to location
based services. In terms of geovisualizations and interfaces, most applica-



tions focus on simply visualizing single locations on maps or, in regards to
navigation applications, on displaying lines between points. More complex
visualizations like heat maps (Lemmela, Korhonen, Vetek, & Corporation,
2008) are still rare. The HeatTile system provides the possibility to effort-
lessly integrate heat maps into mobile applications (Meier et al., 2014). The
stream approach built onto the HeatTile system as discussed above, ex-
tends the range of use cases and makes it possible to include time series
visualizations on mobile devices.

8.1. People’s Movement in urban environments

The location based recommender service “Foursquare” (Foursquare, 2014a)
offers their users interfaces to explore nearby locations, search for specific
locations e.g. restaurants or shops and extends this functionality by adding
gamification and social interactions to the experience. One of those add-on
features is the so called "check in" function, also featured in similar apps
like “Yelp” (Yelp, 2014). It allows the user to mark a location as “visited” on
a specific timestamp. Thereby, the user can create e.g. a diary-like log of her
activities. The data about “check ins” is further used for providing business-
es insights into their target audiences and generate crowdsourced content.
This opens the opportunity, if applied on a broader scale, to visualize and
analyse activity patterns in movement and behaviour in urban areas
(Foursquare, 2014b; Xia et al., 2014).

Put into context, this could allow users to see in an animated time series
which parts of the city are especially lively neighbourhoods during which
specific hours of the day and help them make decisions on the go, e.g.
where they want to go out. To demonstrate this, we collected data (24h * 7
days) of one district (Kreuzberg/Neukolln) in the city of Berlin (Figure 5).
The data was then visualized in a time-lapse animation. Similar to Four-
square’s “Pulse” (Foursquare, 2014b), this kind of visualization especially
highlights the differences between daytime and after-work hour “check ins”.

Figure 5. 7209 observed venues in Kreuzberg / Neukolln.



If this visualization is implemented with common web-based visualization
tools, it would either require pre-rendered images or a video. This is the
case in e.g. Foursquare’s “Pulse” visualization (Foursquare, 2014b). Other
common web-based visualization techniques require sending the full data
set, which is then rendered on client-side. The former lacks interactivity
and creates bandwidth heavy media objects. The latter is limited by the mo-
bile device’s processing and memory resources. Using the HeatTile ap-
proach we are able to keep the transmitted data small while still being able
to visualize a big data set and integrate interactive features.

8.2. Earthquake Data

Beyond social interactions and urban data, the new method of the stream
approach can be applied in early warning systems and emergency response
systems. The department for earth sciences at the University of Potsdam,
Germany, has been conducting a research project on remote sensing of nat-
ural disasters like e.g. earthquakes (Kriiger, Ohrnberger, Ehlert, & RoBler,
2004). The institute/department is supervising a server cluster that collects
data from earthquake sensor stations around the world. Once a certain
seismic activity-level is exceeded, the data is recorded and processed.
Metadata and processing results are then provided to the public, decision
makers and e.g. health organizations via a web portal. The data is essential,
especially for emergency workers in the field, e.g. working with the Red
Cross, for being able to target the most severely afflicted areas after an
earthquake and also for being able to identify areas that could be hit by pos-
sible aftershocks. Even though most people perceive an earthquake as a
local stationary event, earthquakes are dynamic, moving events, which
means that also the epicentre of an earthquake is moving. Apart from the
scientific static visualizations by Kriiger et al. (Kriiger, Ohrnberger, Ehlert,
& RoBler, 2014), animated heat maps are one of many other ways to visual-
ize a seismic event (Figure 6). In a first prototype, four earthquake data sets
were transferred into the mobile first infrastructure. Using the streaming
approach a simple web based application was created, allowing users to
explore the animated earthquake data sets (Figure 1). In addition to the
advantages highlighted in the first use case, this second scenario shows how
to enable the user to get an overview first and then zoom into a certain re-
gion. Thereby we are able to provide a more detailed time-series visualiza-
tion of the selected region. By implementing the visualization on top of a
slippy map and by limiting the requested data to the extent that can be dis-
played on the screen, the user can easily zoom and pan. After changing the
zoom level and thereby the extent, the loading process is reinitiated with
the new parameters (extent and zoom). Providing as many levels of detail
for a dataset like this with common visualizations techniques would require



the pre-rendering of a large amount of images. With the approach present-
ed in this paper the system can gather the required data in real time and
reduce the transmitted data to a minimum.
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Figure 6: Left: Scientific Figure by Kriiger et al. (Kriiger et al., 2004).
Right: Rasterized heat map visualization oft he same time series data set.

9. Conclusion

Mobile web enabled devices are an important cornerstone of our digital
infrastructure, their ability to georeference themselves opens up new possi-
bilities for mapping- and geovisualization-applications. We believe that
more mobile centered visualization research is required to make use of this
advantage and create more engaging visualizations and applications.

In the approach outlined in this paper we used the HeatTile system for clus-
tering and compressing a large spatial time series data set to optimize it for
being received by mobile devices. Furthermore, we proved that the stream
approach is a good method for transmitting a large data set in multiple
subsets. By this, request delays can be reduced and hence allow for a pro-
gressive visualization of the data and thereby cut down the waiting time
until the first time frame of the time series data is visualized. Moreover, the
latency until the first interaction with the visualization is possible to be
minimized. Furthermore, it could be shown that using this approach it is
possible to include contextual progress indicators. Summarising, we believe
that the stream approach could be used in various mobile contexts and that
further research on how to implement the stream approach into mobile
data visualizations can lead to overcoming some of the mobile device’s limi-
tations that are described in this paper.



10. Future Research

Looking into future research possibilities, the method described in this pa-
per could be useful in areas beyond the visualization of time series data.
Having proven that loading binned data on mobile networks through the
EventSource interface achieves better results in terms of speed and per-
formance would imply that for example loading large data sets of non-
binned individual locations could profit as well. By this, users would be en-
abled to perceive a progressive experience and to see the first locations ap-
pear while the rest of the set is still loading.

We are conducting further research that is looking into methods that could
be used to modify the data sent by the server through the EventSource in-
terface by pushing requests to the server on another channel and thereby
modifying the output stream. Additionally, we are trying to implement the
progressive loading approach in a way that not only allows the progressive
loading on the time axis but also on the level of detail axis (LOD), similar to
Glueck et al.'s approach (Glueck et al., 2014). This would allow the user to
load a low-resolution heat map animation that increases its level of detail
once the server sends more detailed data (Figure 7). This could decrease the
waiting delay until the user can interact with data even further and allow
the user to skip through the timeline and preview frames in low quality sim-
ilar to “Video Scrubbing" (Matejka, Grossman, & Fitzmaurice, 2012).

Figure 7: A range of LODs generated by changing the cluster grid size.
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