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Abstract

Today, “zoomable” maps are a state-of-the-art way to explore the world, available
to anyone with Internet access. However, the process of creating this visualization
has been rather loosely investigated and documented. Nevertheless, with an in-
creasing amount of available data, interactive maps have become a more integral
approach to visualizing and exploring big datasets and user-generated data. Open-
StreetMap and online platforms such as Twitter and Flickr offer application pro-
gramming interfaces (APIs) with geographic information. They are well-known
examples of this visualization challenge and are often used as examples. In addi-
tion, an increasing number of public administrations collect open data and publish
their data sets, which makes the task of visualization even more relevant. This dis-
sertation deals with the visualization of user-generated geodata as a multiscale
map. The basics of today’s multiscale maps—their history, technologies, and pos-
sibilities—are explored and abstracted. This work introduces two new multiscale-
focused visualization approaches for point data from volunteered geographic in-
formation (VGI) and location-based social media (LBSM).

One contribution of this effort is a visualization methodology for spatially refer-
enced information in the form of point geometries, using nominally scaled data
from social media such as Twitter or Flickr. Typical for this data is a high number
of social media posts in different categories—a post on social media corresponds
to a point in a specific category. Due to the sheer quantity and similar characteris-
tics, the posts appear generic rather than unique. This type of dataset can be ex-
plored using the new method of micro diagrams to visualize the dataset on multi-
ple scales and resolutions. The data is aggregated into small grid cells, and the nu-
merical proportion is shown with small diagrams, which can visually merge into
heterogenous areas through colors depicting a specific category. The diagram sizes
allow the user to estimate the overall number of aggregated points in a grid cell.

A different visualization approach is proposed for more unique points, considered
points of interest (POI), based on the selection method. The goal is to identify
more locally relevant points from the data set, considered more important com-
pared to other points in the neighborhood, which are then compared by numerical
attribute. The method, derived from topographic isolation and called discrete iso-
lation, is the distance from one point to the next with a higher attribute value. By
using this measure, the most essential points can be easily selected by choosing a
minimum distance and producing a homogenous spatial of the selected points
within the chosen dataset.

The two newly developed approaches are applied to multiscale mapping by con-
structing example workflows that produce multiscale maps. The publicly available
multiscale mapping workflows OpenMapTiles and OpenStreetMap Carto, using
OpenStreetMap data, are systematically explored and analyzed. The result is a gen-
eral workflow for multiscale map production and a short overview of the toolchain
software. In particular, the generalization approaches in the example projects are
discussed and these are classified into cartographic theories on the basis of litera-
ture. The workflow is demonstrated by building a raster tile service for the micro
diagrams and a vector tile service for the discrete isolation, able to be used with
just a web browser.



In conclusion, these new approaches for point data using VGI and LBSM allow
better qualitative visualization of geodata. While analyzing vast global datasets is
challenging, exploring and analyzing hidden data patterns is fruitful. Creating this
degree of visualization and producing maps on multiple scales is a complicated
task. The workflows and tools provided in this thesis will make map production
on a worldwide scale easier.



Zusammenfassung

Heute sind zoombare Karten Alltag fiir jeden Internetznutzer. Die Erstellung in-
teraktiv zoombarer Karten ist allerdings wenig erforscht, was einen deutlichen Ge-
gensatz zu ihrer aktuellen Bedeutung und Nutzungshaufigkeit darstellt. Die For-
schung in diesem Bereich ist also umso notwendiger. Steigende Datenmengen und
groflere Regionen, die von Karten abgedeckt werden sollen, unterstreichen den
Forschungsbedarf umso mehr.

Beispiele fiir stetig wachsende Datenmengen sind Geodatenquellen wie OpenSt-
reetMap aber auch freie amtliche Geodatensatze (OpenData), aber auch die zu-
nehmende Zahl georeferenzierter Inhalte auf Internetplatformen wie Twitter oder
Flickr zu nennen. Das Thema dieser Arbeit ist die Visualisierung eben dieser nut-
zergenerierten Geodaten mittels zoombarer Karten. Dafiir wird die Entwicklung
der zugrundeliegenden Technologien {iber die letzten zwei Jahrzehnte und die da-
mit verbundene Moglichkeiten vorgestellt. Weitere Beitrdge sind zwei neue Visu-
alisierungsmethoden, die sich besonders fiir die Darstellung von Punktdaten aus
raumbezogenen nutzergenerierten Daten und georeferenzierte Daten aus Sozialen
Netzwerken eignen.

Ein Beitrag dieser Arbeit ist eine neue Visualisierungsmethode fiir raumbezogene
Informationen in Form von Punktgeometrien mit nominal skalierten Daten aus
Sozialen Medien, wie beispielsweise Twitter oder Flickr. Typisch fiir diese Daten
ist eine hohe Anzahl von Beitragen mit unterschiedlichen Kategorien. Wobei die
Beitrige, bedingt durch ihre schiere Menge und dhnlicher Eigenschaften, eher ge-
nerisch als einzigartig sind. Ein Beitrag in den Sozialen Medien entspricht dabei
einem Punkt mit einer bestimmten Kategorie. Ein solcher Datensatz kann mit der
neuen Methode der ,,micro diagrams® in verschiedenen Mafstiben und Auflo-
sungen visualisiert und analysiert werden. Dazu werden die Daten in kleine Git-
terzellen aggregiert. Die Menge und Verteilung der tiber die Kategorien aggregier-
ten Punkte wird durch kleine Diagramme dargestellt, wobei die Farben die ver-
schiedenen Kategorien visualisieren. Durch die geringere Grofie der einzelnen Di-
agramme verschmelzen die kleinen Diagramme visuell, je nach der Verteilung der
Farben fiir die Kategorien. Bei genauerem Hinsehen ist die Schatzung der Menge
der aggregierten Punkte iiber die Grofle der Diagramme die Menge und die Ver-
teilung tiber die Kategorien moglich.

Fir einzigartigere Punkte, die als Points of Interest (POI) angesehen werden, wird
ein anderer Visualisierungsansatz vorgeschlagen, der auf einer Auswahlmethode
basiert. Ziel ist es dabei lokal relevantere Punkte aus dem Datensatz zu identifizie-
ren, die im Vergleich zu anderen Punkten in der Nachbarschaft des Punktes ver-
glichen nach einem numerischen Attribut wichtiger sind. Die Methode ist von
dem geographischen Prinzip der Dominanz von Bergen abgeleitet und wird
»discrete isolation“ genannt. Es handelt sich dabei um die Distanz von einem
Punkt zum nichsten mit einem hoéheren Attributwert. Durch die Verwendung
dieses Maf3es konnen lokal bedeutende Punkte leicht ausgewdhlt werden, indem
ein minimaler Abstand gewahlt und so rdumlich gleichmaflig verteilte Punkte aus
dem Datensatz ausgewahlt werden.



Die beiden neu vorgestellten Methoden werden in den Kontext der zoombaren
Karten gestellt, indem exemplarische Arbeitsabldufe erstellt werden, die als Ergeb-
nis eine zoombare Karte liefern. Dazu werden die frei verfiigbaren Beispiele zur
Herstellung von weltweiten zoombaren Karten mit nutzergenerierten Geodaten
von OpenStreetMap, anhand der Kartenprojekte OpenMapTiles und OpenStreet-
Map Carto analysiert und in Arbeitsschritte gegliedert. Das Ergebnis ist ein wie-
derverwendbarer Arbeitsablauf zur Herstellung zoombarer Karten, erginzt durch
eine Auswahl von passender Software fiir die einzelnen Arbeitsschritte. Dabei wird
insbesondere auf die Generalisierungsansitze in den Beispielprojekten eingegan-
gen und diese anhand von Literatur in die kartographische Theorie eingeordnet.
Zur Demonstration des Workflows wird je ein Raster Tiles Dienst fiir die ,,micro
diagrams® und ein Vektor Tiles Dienst fiir die ,discrete isolation® erstellt. Beide
Dienste lassen sich mit einem aktuellen Webbrowser nutzen.

Zusammenfassend ermdglichen diese neuen Visualisierungsansatze fiir Punktda-
ten aus VGI und LBSM eine bessere qualitative Visualisierung der neuen Geoda-
ten. Die Analyse riesiger globaler Datensitze ist immer noch eine Herausforde-
rung, aber die Erforschung und Analyse verborgener Muster in den Daten ist
lohnend. Die Erstellung solcher Visualisierungen und die Produktion von Karten
in verschiedenen Maf3stdben ist eine komplexe Aufgabe. Die in dieser Arbeit vor-
gestellten Arbeitsabldufe und Werkzeuge erleichtern die Erstellung von Karten in
globalem Maf3stab.
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Motivation 1

1 Introduction

Maps are ubiquitous and always available in today's world. Many people
use smartphones to organize their lives, and each smartphone comes with
a map application (app) such as Google Maps, Apple Maps, or Bing Maps.
The apps include routing for different purposes, reviews, and photos for
points of interest (POI), all of which are useable through the concept of
multiscale maps. If desired, it is possible to interactively change the map’s
scale and the extent to explore the details.

A milestone in this course of development to the current state of multiscale
mapping technology was the introduction of the iPhone and its software
ecosystem by Apple in 2007 (Cohen 2007). Previous devices had similar
features but did not offer the easy installation of additional applications
through an app store. Today, smartphones offer multi-touch functionality
and browsers that can access all websites, not just specially designed sites
(Wikipedia 2021c). The map app that comes with the smartphone allows
the user to change the map extent scale for the whole world with multi-
touch gestures. With at least 1.3 billion smartphones sold in 2020 (Go-
asduff, 2021), around a quarter and a half of the world’s 8 billion people
should be able to use digital maps on their mobile devices. That is poten-
tially more map users than ever before! However, how do those maps work
in daily life?

*Supported by MapTiler OpenMapTiles

*Former Nokia Maps, HERE Maps HERE We Go°®
‘Financed by Samsung Mapzen*
*Stopped their map services
*Started as Keyhole EarthViewer
'Since 1994 HOT
Mapbox

AppleMaps

Thunderforest
CloudMade®
Bing Maps
Google Maps
OpenStreetMap
Yahoo! Maps
Google Earth?
MapQuest'

WMS T™MS WMTS Mapbox
Standard Standard  Standard Vector Tiles
Google
Raster Tiles

Figure 1: Timeline of technologies in use for multiscale mapping, and companies or organizations playing an important
role in map creation or production in the last two decades.
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A starting point for the advancements in this technology was the web map
service (WMS), with version 1.0 standardized in the year 2000 (OGC, 2000)
and already relevant for professional geographic information system (GIS)
users then. However, this is not the technology of our everyday map for
several reasons. Figure 1 shows the development of technologies and map
providers over the last two decades. There were different maps services be-
fore Google Maps, but they did not reach such a broad audience (Veenen-
daal, Brovelli, and Li 2017; Kilday 2018). It was not until 2005 that the cur-
rently well-known approach of using tiles, zoom levels, and Web Mercator
projection for multiscale mapping by Google began. The free access for eve-
ryone, including to the JavaSript source code, made re-engineering easy. It
was not long before Yahoo! Maps, Bing Maps, and OpenStreetMap adopted
the technology (cfis 2006), which was finally standardized as the tile map-
ping service (TMS) by the Open Source Geospatial Foundation in 2006
(OSGeo 2012a). Later, the approach was combined with the already known
WMS, creating the web map tile service (WMTS) standard (OGC 2010).

Mapbox drove further technology development with the vector tiles (Map-
box [2014] 2021). Standardization through the Open Geospatial Consor-
tium (OGC) is still in progress (OGC [2019] 2021). According to Figure 2,
the introduction of vector tile technology resulted in some companies, like
CloudMade and Yahoo! Maps, disappearing as map providers. With the
current setup, it is possible to create high-quality and detailed visualization
on different scales of the whole earth.

What is the source of those worldwide map services? A motivated crowd
plays an essential role in the process, no matter if the app is Google Maps
or OpenStreetMap. Google asks users to provide information about tourist
spots, restaurants, and the opening hours of those locations. This has be-
come an integral part of the Google Maps service, and the map data is offi-
cial geodata. Concurrently, most other providers use OpenStreetMap for
the map. So one way or another, today’s maps need user contributions to
stay current and to offer relevant information.

The concept of crowdsourced geodata or geo-related data matters here; this
is a special kind of user-generated content. Users can edit and update geo-
graphic data that is later rendered as a “zoomable” map, resulting in a very
detailed database for geographic information. Often, this data is called vol-
unteered geographic information (VGI) (M. F. Goodchild 2007). Other
data sources are location-based services and sometimes social networks
(Zheng 2011). Some networks, e.g., Twitter or Flickr, offer data through an
application programming interface (API) and use the collected geo-infor-
mation for a wide range of analyses. Location-based social media (LBSM)
is the technical term for those data.
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Length of digitized ways in Germany from 2007 to 2021
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Figure 2: Kilometers of roadway tagged as “highway=
database from 2007 to 2021

in the OpenStreetMap

As Figure 2 shows, there has been a continuous contribution of user-gen-
erated data in OpenStreetMap. The OpenStreetMap (OSM) project was in-
itiated in 2004 (“History of OpenStreetMap — OpenStreetMap Wiki” n.d.)
and seemed to have reached good coverage in Germany, as shown in the
diagram. Since 2012, it has focused more on other users because Google
Maps introduced a pricing schema to integrate its map service into other
websites or projects (Lardinois 2012).

Another aspect of the new data source is the speed of communication and
change. Users can react to events on different platforms, deliver infor-
mation about the event itself, or share their opinion (Dunkel et al. 2019).
The Humanitarian OpenStreetMap Team (HOT) is an example of how
professional this response can be. A nonprofit organization created after
the 2010 earthquake in Haiti, HOT organizes mapping in during disaster
events to assist responders with up-to-data geodata (“Humanitarian OSM
Team - OpenStreetMap Wiki” n.d.). OSM is a valuable platform, allowing
many people worldwide to provide edits for a known environment, con-
tributing to a minutely updated map that is being further explored within
the scientific community (Scholz et al. 2018).

1.1 Motivation

Crowdsourced geodata has new properties, creating the need for further
analysis and visualization methods. The properties of this new data are sim-
ilar to the “4 Vs” of big data—variety, veracity, volume, and velocity create
new challenges for a cartographer (Schroeck et al. 2012; Tsou 2015), and
visualization methods must address those characteristics.
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Figure 3 is an example of LBSM visualization derived from a month of
georeferenced tweets. It shows about a million points, color-coded by the
language of the tweet, and filtered by the most spoken languages in the map
extent. More than twenty languages have been hidden to create a cleaner
look. Scaling this number to a year and worldwide coverage shows that this
is an example of the new data’s 4V properties. Nevertheless, this is still just
a tiny piece of the actual data because only 2 percent of the tweets have a
georeference (Leetaru et al. 2013), which in Europe means about 1,000,000
tweets per day with an available coordinate.

The visualization might be impressive, but it is also an excellent example of
how this practice can help gain new knowledge. Visualization provides an
overview of the data distribution and shows details, such as languages dis-
tinct to European national borders. There is no other known data source
that can produce similar results. Examples from Eric Fisher demonstrate
the potential by showing the languages of tweets and details from locals and
tourists from Flickr (Fischer, 2011; The Geotaggers’ World Atlas #5: Berlin,
2015). For those maps, a new kind of visualization technique shows each
point in a non-aggregated form for such a massive dataset. Figure 3 shows
all tweets with a small amount of transparency, color-coded according to
the language of the tweet. As a result, the points overlap in areas with high
data density, with the color becoming more intense than in areas with fewer
data points. Additionally, it is possible to see which language is used in
which region, most often on Twitter.

Lanuguage of Tweet

Czech
Dansk
Dutch
Englilsh
French
German
Norwegian
Polish
Swedish

0 100 200 300 km
e BN

Figure 3: Visualization of tweet languages for part of Europe using the alpha blending technique. It is possible to recognize
the landmasses and the borders just from the language of the tweets.
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It is similar to the technique that used Eric Fischer’s language map because
there are no other possibilities for showing the volume and variety of the
crowdsourced geodata. This amount of points data needs a new visualiza-

tion method. A static map on one scale cannot display all of the data details. - " o ad ’

It is necessary to work on several scales to explore the data. The classic scale P A

series in print map production is the zoom level in multiscale map produc- R ! 0o
tion. Zoom levels are a set of predefined scales and resolutions bound to a g o
projection, usually found in Pseudo Mercator projection. With the combi- +

nation of the Figure 3 technique and a zoomable map, it is possible to ex-

plore all the details of a worldwide dataset—two indigents deal with the new
0 100 200 300km
S S —

properties of the crowdsourced geodata: new visualization methods and
multiscale visualizations.

Figure 4: All populated places in Ice-
This type of visualization can facilitate data understanding and analysis or land from OpenStreetMap. To obtain
an overview, a selection is necessary.
(Data OpenStreetMap Contributors
geovisual analytics (Dransch, Sips, and Unger 2019) because visualization 2021 OdbL 1.0)

present the results of an analysis. This approach would also work well in

is necessary to explore the data and draw conclusions. This leads further to
the sensemaking loop (Thomas and Cook 2005), which means a visualiza-
tion is built on one understanding of the data and rebuilt with obtained
knowledge to explore more details. In this manner, a data source can be
explored piece by piece.

1.2 Visualization of crowdsourced geodata on
multiple scales _Reykjavik

After the need for new visualization methods became apparent, which

worked well on multiple scales, the concrete visualization tasks followed
L ) 0 100 200 300 km
the derivation of the research question. A N A

The choice of visualization depends on the purpose, target group, and data.  Figure 5: Example map for Iceland
showing a poor selection that consid-
. . . ers only the population number. (Data
is the aspect that should be explored as a theoretical foundation. Data from  gpenStreetMap  Contributors 2021

location-based networks such as Twitter often create point data. That data  OdbL 1.0)

Due to the data-driven nature of this writing, the influence of the new data

is not comparable with the point features in OpenStreetMap, as LBSM
points are more generic than most points for places in OpenStreetMap. Ac-
cording to (Bereuter 2015, 24), these different point data can be divided
into point collection and POls.

An example of a POI can be a place, a peak, or a restaurant, all of which
have a specific unique identity, absolute position, and quantitative attrib-
utes. A tweet or Flickr photo is less unique, more abstract, and reproduci-
ble—it is possible to retake the same photo or write the same tweet. While
point collection features have similar attribute values, such as language,
time, creation app, and user time zone for Twitter, POIs have unique at-
tributes, such as name, population, or elevation.



First research question

How to visualize point collection
data with quantitative categorized
attributes in as much detail as
possible?
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1.2.1 Research objective 1: Visualization of point col-
lections

Point collection features can be categorized by the time, the language, and
the app used for creation, as in Figure 3. The disadvantage of this technique
is the mixed colors. While the overall color of the United Kingdom is prom-
inent, the colors in some areas of continental Europe—such as Belgium—
are intermingled. Nevertheless, these areas are also the most interesting,
raising questions such as “Which languages are used more?” and “Where
are the borders of language use?” The visualization allows only a relative
qualitative estimation of the number of tweets, but it is clear which areas
have more tweets than others.

That challenge leads to the first research question: How to visualize point
collection data with quantitative categorized attributes in as much detail as
possible? First, existing visualization methods should be explored to answer
this question. Afterward, the author’s micro diagram method (Grobe and
Burghardt 2020) is classified according to prevailing visualization ontolo-
gies, with its main parameters explained in detail. A user study demon-
strates that the micro diagram offers advantages over existing visualization.
It should be proven that map users can estimate the number of visualized
values in a micro diagram map in contrast to the point visualization
method shown in Figure 3, for example.

oA XD Ducingen e TR
A Y e Y ah )
Fe AP O (e
G E L T ‘fg@]friu« o
s : P e p
L%‘\;.Af <y

SEEE e
A

o

Figure 6: Photo of a map from an old atlas showing the area of Germany. The labels are nearly equally distributed,
indicating locally important places for orientation and good use of the available space.
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1.2.2 Research objective 2: Visualization of points of in-
terest

Displaying all POIs, in the same manner, does not provide a good overview.
It is better to visualize only the most relevant points, which requires an ap-
propriate selection method. Figure 4 shows, as an example, populated
places in Iceland, all of which are unique POIs. They have a name, a history,
and a specific population, to name a few attributes. Usually, the population
is the criterion of choice. The map in Figure 5 shows a negative example,
where only the population number was considered. It seems necessary to
consider the spatial distribution of the points for selection, similar to the
old map in Figure 6. The result can be an informative map showing locally
relevant places for better orientation.

This example leads to the second main research question: How is a scale-
dependent selection of POIs possible for visualization that considers spatial
distribution and numerical attributes? This task can be correlated with la-
beling the points but not with the focus of the research. Because maps today
are usually zoomable and have several scales or zoom levels, e.g., Open-
StreetMap, Google Maps, Bing Maps, or Mapbox, a suitable method for
producing those kinds of maps is a relevant criterion. The vast map extent
forces us to save computing time for an essential map update. This makes
performance a critical measure for the selection methods. To fulfillment
this task, the identified selection methods will be implemented similarly in
order to make them comparable. A detailed comparison follows, including
the visual results.

1.2.3 Research objective 3: Production of multiscale
maps

Using maps is part of many people’s everyday life, with at least one map
app on every smartphone. Those apps offer maps in different resolutions,
called zoom levels. Similar to the concept of scale, zoom levels are a set of
scales in a Mercator projection, with a heavy distortion of lengths and areas
that do not allow measurements using the scale. Nevertheless, these maps
are global, easy to use, and usually combined with other location-based ser-
vices (LBS). So far, the creation of these maps is less explored within the
cartographic community, although there are a few available examples.

The OpenStreetMap project is unique in its data collection and worldwide
coverage which as Figure 7 shows, results in enormous data density that
can only be explored through a multiscale map. OpenStreetMap offers this
type of map on its website with nearly real-time updates. There are several
reasons to do this, including that contributors are motivated by seeing the
map change and by finding errors in the visualization.

This map is extraordinary because of the community purpose, actual the
real-time updates, and the style creation (Allan [2012] 2019). The data vis-
ualization is zoomable, making it possible and necessary to adapt the fea-
tures and their styles to the needs of a multiscale map. In addition, different
technologies—the raster and the vector tiling approach—are used to offer
the map user good performance, which needs to be explained. Exploring,

Figure 7: Example for the data density
of OpenStreetMap in Dresden. All
points, lines and polygons are shown.
(Data OpenStreetMap Contributors
2021 OdbL 1.0)

Second research question

How is a scale-dependent selec-
tion of POls possible for visualiza-
tion that considers spatial distribu-
tion and numerical attributes?
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What are the possible workflows
to produce a multiscale map,
which is currently the most fre-
quently used map?
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abstracting, and applying the complex workflow behind today’s maps is the
third and last question: What are the possible workflows to produce a mul-
tiscale map, which is currently the most frequently used map?

For this task, a deeper look into map production is necessary, which is pos-
sible because of open source tools and workflow from OpenStreetMap
Carto (Allan, 2019) and OpenMapTiles (Anon, 2021c). The results from
both projects are comparable: a zoomable map with different scale levels.
Nevertheless, there are differences in technology: OpenStreetMap updates
by the minute and uses raster tiles with a fixed scale, while OpenMapTiles
only performs a re-computation of its vector tile sets with stepless zooming.
The used software will be classified, and similar products will be mentioned
to offer a guideline for others who plan to create a comparable service.

Finally, the visualization approach for point collections and POIs from re-
search questions one and two will be demonstrated in a multiscale environ-
ment. For instance, point collection data is a dataset of tweets and POIs of
peaks or populated places from OpenStreetMap. The derived workflow
from the third research question will be used to create a multiscale example.
This will explain how today’s maps are made and should demonstrate the
applicability of the created knowledge under different technological as-
pects, such as vector- and raster-based web maps.
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1.3 Reader’s guide

This is a short explanation of the doctoral thesis structure. Some parts are
already published, and this manuscript is a synopsis of the various works of
the past year, connected by similar data sources and mapping on different
scales and zoom levels.

1.3.1 Structure

The discussion starts with a general introduction of the new data sources,
VGI and LBSN, their properties, and their resulting challenges. Also, the
technical foundation of a multiscale map is part of this theoretical section,
providing an overview of recent developments.

The following two chapters address visualization approaches for the differ-
ent point data types. The new techniques visualize different kinds of point
data and target multiscale visualization. Deeper insights into map produc-
tion technology comprise the third chapter about creating multiscale maps
and using the new technologies to formulate workflows for multiscale map
production. Each chapter is dedicated to a research question and contains
theoretical and methodical parts for the specific topic, use case, evaluation,
and discussion. The last section summarizes the discussion and draws an
overall conclusion. The Appendix offers additional tables and figures with
further information, which is placed there to provide a better reading ex-
perience to keep the text compact. Table and Figure numbers set in this
chapter start with an "A".

1.3.2 Related Publications

This dissertation refers to three different topics and their publications and,
for some points, uses the same content:

1. Grébe, M.; Burghardt, D.: Micro diagrams: visualization of cate-
gorical point data from location-based social media. In: Cartog-
raphy and Geographic Information Science (2020), p. 1-16
II.  Grobe, M.; Burghardt, D.: Scale-Dependent Point Selection
Methods for Web Maps. In: KN - Journal of Cartography and Ge-
ographic Information (2021)

II.  Hecht, R;; Artmann, M.; Brzoska, P.; Burghardt, D.; Cakir, S.;
Dunkel, A.; Grobe, M.; Gugulica, M.; et al.: A Web App to Gen-
erate and Disseminate New Knowledge on Urban Green Space
Qualities and Their Accessibility. In: ISPRS Annals of the Photo-
grammetry, Remote Sensing and Spatial Information Sciences
Vol. VIII-4/W1-2021 (2021), p. 65-72

The work here reproduces adjusted contents of the first two publications,
while only the experience gained through web mapping workflow is in-
cluded for the third publication. The meinGriin projects’ experiences and
knowledge strongly influenced the third research question chapter and,
therefore, is named here.
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1.3.3 Formatting and layout

This manuscript uses a three-column layout for easier reading. The outer
column presents small images and information boxes. There are two types
of information boxes: boxes with a green background for significant find-
ings and boxes without background color for additional information that
could be helpful for the reader. Footnotes primarily provide links to general
websites for tools or projects. Web sources are regular citations listed in the
references with all relevant information.

1.3.4 Online examples

The results of the implantation of multiscale map production workflows
are available online. It shows examples of the micro diagram's visualization
method and the discrete isolation selection approach. Some adjustments
were made to serve them cost-efficiently and securely. Due to these changes
and a small target group, the performance is slightly reduced. QR-Code and
links are also provided in the particular section. The service will be main-
tained for a more extended time under the following URLs:

¢  Raster workflow example for the micro diagram approach:
https://mathias-groebe.de/demo/raster-demo.html

e  Vector workflow example for the discrete isolation:
https://mathias-groebe.de/demo/vector-demo.html
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2 Foundations of crowdsourced mapping
on multiple scales

Visualization can facilitate understanding and analysis of data and present
the results of an analysis. Geovisual analytics (Dransch et al., 2019) and the
sensemaking loop (Thomas and Cook, 2005) of building a visualization can
help explore user-generated data. Before doing this, it is necessary to un-
derstand where the data comes from and which visualization is suitable.
The following chapter provides insights into the types of data and their vis-
ualization by going through its publication in the following selected jour-
nals: Journal of Location Based Services; The Cartographic Journal; and
Cartography and Geographic Information Science. Somewhat separate
from this topic, the technological foundations and history of multiscale
maps are also described. This part aims to document the development of
these technologies and clarify their current application before they are used
in this thesis’s practical parts.

2.1 Types and properties of crowdsourced data

Michael Goodchild introduced VGI as a case of user-generated content (M.
F. Goodchild 2007). He names Wikimapia, Flickr, and OpenStreetMap as
examples of this new kind of information generation. From today’s per-
spective, VGI is seen in a more differentiated manner: Is Flickr data con-
tributed by volunteers, or is it just a secondary product from people using
a photo-sharing platform? Consider OpenStreetMap' contributors and the
term “volunteered” information: What would be “non-volunteered geo-
graphic information” (Hormann 2015b)? Hormann proposes describing
this as “crowdsourced geodata,” which is a better description of the phe-
nomenon. Goodchild formulates conflict from the concept of humans as
sensors because humans do not want to work as machine-like sensors since
they have their own opinions and motivations for why they are creating the
data described as VGI, as the example from Hormann shows. Furthermore,
the trend of location-based services and networks (Zheng 2011) has led to
the creation of more geo-related and user-generated content.

2.2 Currents trends in cartography

A new challenge for cartographers is the amount of generated
crowdsourced data that needs to be visualized for different purposes, from
analysis to presentation. Previously, the data was collected and generalized
for a map (Imhof 1972); today, there is so much data that new techniques
must be developed to manage it. This is similar to the challenges mapping
agencies face when producing topographic maps, which still require a great
deal of manual work. For example, updates to data models at the German
Federal Agency for Cartography and Geodesy (Bundesamt fiir Kar-
tographie und Geodisie) for different scales are still done manually (Mau
2018), while OpenStreetMap offers a worldwide, zoomable map that can be
updated in a few minutes.

! https://openstreetmap.org/
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Volunteered geographic in-
formation (VGI)

Geographic data that is created,
assembled, and provided volun-
tarily by individuals.

Foundations of crowdsourced mapping on multiple scales

There are currently efforts to bring those open source technologies and ap-
proaches to German national and federal mapping agencies. Starting with
the TopPlusOpen project (Kunz 2018a; 2018b; Kunz and Bobrich 2019),
the SmartMapping project aims to fully automize map production work-
flow within one day (Langhans and Wiemann 2021; Seifert 2021). This rep-
resents two interconnected aspects of this technological challenge—global
data and data with several resolutions or scales. Users today expect to be
able to use zoom on a digital map and that the map does not end at a na-
tional border. These reasons led to the TopPlusOpen project.

Moving back to the general idea, today, a map or a visualization of a dataset
needs to be usable and explorable on several scales and not bound to a small
area. This type of representation and its benefits are known and should be
used to visualize and analyze user-generated geodata. Connecting classical
map production for one scale, visualizing crowdsourced geodata, and ap-
plying multiscale mapping can help here.

2.3 Definitions

This work focuses on a special kind of user-generated content (Bauer 2010)
with georeferencing. An understanding of the different data properties is
essential for creating an excellent and meaningful visualization. An over-
view of the commonly used terms and variations in the user-generated data
is provided. Overall, up to 60 percent of all information is geo-related (Hah-
mann and Burghardt 2013), which shows the importance of that infor-
mation. In contrast for Twitter, with its billions of daily tweets, only a sin-
gle-digit percentage of tweets have a coordinate or place model as an at-
tached bounding box (Leetaru et al. 2013).

2.3.1 VGl

The term VGI was defined by Goodchild as a particular case of the “web
phenomenon of user-generated content,” enabled by Web 2.0 technology
(M. F. Goodchild 2007). Different examples explain how users collaborate
on the web to collect data, describing the motivation for and value of the
contributions. It is always geographic data that is created, assembled, and
provided voluntarily by individuals. This data can be images (Flickr), geo-
graphic data (OpenStreetMap), or entries in an encyclopedia (Wikipedia).

Over time, VGI broadened to include a wide range of applications and sci-
ence (Sui, Elwood, and Goodchild 2013; Elwood, Goodchild, and Sui 2013).
However, not all user contributions are valuable. Vandalism can occur in
crowdsourced data for different reasons, such as frustration, politics, hu-
mor, or profit interest (Ballatore, 2014). Credibility was also a research
topic (Flanagin and Metzger 2008).
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2.3.2 LBSM

Data from social networking services are called LBSM, also described as
location-based networks (LBSN). These are online services, platforms, or
websites that allow users to communicate and share information with con-
nected people (Lee and Ye 2017), such as Twitter, Facebook, Foursquare,
and Flickr (N. Cao et al. 2012). These networks reflect the real social life of
users through particular online platforms. Also, fitness and review/opinion
applications, such as Tripadvisor,” Komoot,® and Strava,* are also consid-
ered social networks (Zheng 2011). After the social and network aspects are
removed, these applications remain at their core location-based services,
defined as “services that integrate a mobile device’s location or position
with other information to provide added value to a user” (Schiller and
Voisard 2004, 10).

Like VGI, LBSM is a data resource upon which research and applications
are built (G. Cao et al. 2015; Chen, Lin, and Yuan 2017). A good shorthand
for distinguishing between VGI and LBSM is the method of creation. VGI
is more explicitly shared for another purpose, while LBSM content is cre-
ated when a user shares or exchanges information using an internet plat-
form. A more generic term would be user-generated content (UGC) or,
more specifically, geo-related, user-generated content, which includes all
new data sources.

2.3.3 Space, place, and location

The terms space, place, and location are often used to describe data related
to geographic phenomena in the research context. It starts with the broadly
used term space, becomes more defined with place, and reverts to abstrac-
tion as location. It is crucial to manage use of these terms by applying geo-
graphic information science tools to the collecting, modeling, managing,
displaying, and interpreting of geographic data (Kemp 2008).

Space is a complex type of information, which can be considered the oppo-
site of “time” (Elden 2009), but also as human achievements and human
and social developments (Giinzel and Kiimmerling 2010). It is a fundamen-
tal concept of the science of geography. The concept of geographical space
as space filled with relational and proportional qualities makes it possible
to develop practical applications (Maztr and Urbanek 1983; M. Goodchild
and Li 2016). Coordinates and relations to other geographic features allow
representation by points, lines, areas, and volumes (Gongalves, Afonso, and
Martins 2015).

A place represents a human or physical phenomenon that allows a location
to be communicated (Scheider and Janowicz 2014; Tuan 1977; Winter and
Freksa 2012). It can refer to a material or immaterial entity (McKenzie and

2 https://www.tripadvisor.de/

3 https://www.komoot.de/

4 https://www.strava.com/
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Geographic-related content cre-
ated by people using social media
platforms.
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Heat map

A heat map shows point feature
density with a yellow-orange-red
color ramp that can be derived
from a kernel density estimation,
coloring the created raster or
overlaying point symbols with suit-
able renderings. Aside from a ge-
ovisualization, a heat map can
also be a type of statistical visual-
ization, showing correlation
through the color ramp.

Floating car data

Floating car data is typically time-
stamped geolocalization and
speed data collected from moving
vehicles using the car’s navigation
app or the driver's smartphone.
As a result, traffic jams can be de-
tected or time-optimized routes
predicted. It is also possible to de-
rive this information from cell
phone data or local sensors.
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Adams 2017) and often combines different meanings (Cresswell 2009).
Further research is being conducted to consider place-related modeling
and analysis in geographic information science (Wagner, Zipf, and Wester-
holt 2020; Westerholt, Mocnik, and Comber 2020).

A geographic location refers to a spot on Earth’s surface, defined with un-
limited precision by coordinates within a reference system (M. F. Good-
child 1992; 2011) that can be represented in different types of data (Vector,
Raster, TIN, Graph, etc.) and processed with a GIS (Church 2002).

2.4 Visualization approaches for crowdsourced
geodata

The following section presents an overview of LBSM and VGI geodata and
their visualization as a map. An overview of the data sources, the different
kinds of data, and the connected visualization approaches are outlined to
place this original research in context.

2.4.1 Review of publications and visualization ap-

proaches

Part of this review includes papers about geo-related, user-generated con-
tent with at least one map and naming the visualization data source. In pre-
senting an overview of LBSM and VGI, there are no specific terms that can
differentiate between the two without sounding like the same data is being
described. Selected papers have used terms from two cartography journals
and one LBS-related journal from 2007-2020, based on the definition of
VGI by Goodchild:

e Journal of Location Based Services (JLBS)
e  The Cartographic Journal (TCJ)
e  Cartography and Geographic Information Science (CaGIS)

Table 2 summarizes the review by naming the publication year, journal,
authors, data source, and visualization technique. In some cases, other data
sources and visualization methods were also used but not included in the
table in order to provide a better overview. A complete list of all papers can
be found in Table in the appendix.

The visualization method categorization is based on the taxonomy of Kraak
and Ormeling (2010). The heat map or heat line would be, in this case, a
smooth statistical surface. A heat line means that the heat map approach to
lines was applied; this was used in some publications (Cheng et al. 2010;
Zhao 2015). Point maps represent a nominal point symbol map through
the massive use of point symbols, and the micro diagrams represent area-
related diagrams (Grobe and Burghardt 2020). Another category is the
space-time cube, which visualizes location and time in one graphic (Kraak
and Ormeling 2010).

The research data sources are Twitter (61%), Flickr (24%), GPS tracks
(18%), OpenStreetMap (10%), cell phone data (8%), taxi data (6%), floating
car data (4%), Wikipedia (4%), and all listed papers. The LBSM definition
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fits Twitter and Flickr. OpenStreetMap is VGI, as well as Wikipedia. GPS
tracks are somewhere in between VGI, LBSM, and UGC. Some samples
were explicitly created for research purposes (Krumm, Gruen, and Delling
2013; van Schaick 2010); in other cases, the samples were drawn from social
or VGI platforms (Kessler 2011; John et al. 2017). The cell phone, taxi, and
floating car data were user-generated and geo-related, with no direct social
or volunteering aspect.

Most data is visualized as it is: point map (39%), nominal line symbol map
(25%), and nominal point symbol map (6%). No aggregation or generali-
zation is needed to generate such a map. The proportional symbol map
(10%) is used chiefly in cartographic journals. A heat or line map (33 %) is
sometimes combined with an isoline map (4%) and used mainly in carto-
graphic journals. A particular case is a 2.5D relief (6%), which uses perspec-
tive to show the data in the third dimension, in combination with various
color ramps.

Choropleth maps with administrative areas are usually more common
(18%). However, for reviews, the grid choropleth map (25%) in particular,
maybe a more accessible aggregation and avoid the modifiable areal unit
problem effect (Madelin et al. 2009). Other particular cases are the grid-
based micro diagram (8%) and the space-time cube (4%), which uses the
third dimension to visualize movement over time.

2.4.2 Conclusions from the review

The geometry type of the data is, in most cases, a point. The position of a
Flickr photo, a cell phone at a particular moment, a taxi drop, or a car’s
position are examples. It is possible to aggregate the points to lines using
attributes such as usernames or, in the case of a GPS track, the point is al-
ready a line. User trips can be reconstructed using aggregation and some
assumptions (Mamei and Colonna 2018; Rybarczyk et al. 2018). Aggre-
gated visualizations can be derived from points and lines, such as the pro-
portions symbol map or a surface interpolated to create a heat map that can
be completed with contour lines. A specific example is OpenStreetMap or
Wikipedia: contributors explicitly choose a specific geometry type to mode
an object and create geodata. There is no general possibility of mapping the
data because it can be a different geometry or thematic collection.

In most cases, the data in the reviewed publications are called VGI (25%),
if there is any specification. UGC as an umbrella term is less used (16%).
Overall, cartographic journals tend to use those terms, while publications
like the Journal of Location Based Services rarely use VGI or UGC. One
possible reason could be the different data sources. Another explanation
could be the cartographic article author’s intention to show the transfera-
bility of the presented approaches to UGC. In most publications, there is
no differentiation between geometry types. The nature of the data is de-
scribed as social media (Zhou and Zhang 2016; Rybarczyk et al. 2018; Wang
and Ye 2019) or social network site data (Ghosh and Guha 2013), which is
geotagged (Fujita 2013; Krumm, Gruen, and Delling 2013) or geolocated
(Kounadi et al. 2018).
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Table 1: Selected papers analyzing geo-related, user-generated content with map visualization. The background colors
indicate the following journal abbreviations: Journal of Location Based Services (JLBS), The Cartographic Journal (TCJ),
and Cartography and Geographic Information Science (CaGIS).

Publication Data source Visualization Data

Nominal point symbol map
Proportional symbol map

\Wikipedia
OpenStreetMap
GPS tracks

Taxi data

Cell phone data
Floating car data
Point map
Isoline map
Choropleth map
Grid choropleth map
Micro diagrams
Space time cube
UGC

VGl

Year |Journal |Paper
2008|JLBS |[Girardin et al.
2010|JLBS |Andrienko et al.
2010|TCJ Cheng et al.
2010|JLBS [Guo, Liu, and Jin X DX X
2010|TCJ Haklay et al. 52 X X
2010|JLBS |van Schaick X P
2011|CaGIS [Kessler 4 = X 5
2013|CaGIS |Crampton et al.
2013|CaGIS [Fujita
2013|CaGIS |Ghosh and Guha
2013|CaGIS |Kent and Capello X
2013|JLBS |Krumm, Gruen, and Delling 5
2013|CaGIS [Li, Goodchild, and Xu x| x
2013|JLBS [Mooney, Rehrl, and Hochmair X
2013|JLBS [Patel P i
2013|JLBS |Pippig, Burghardt, and Prechtel | x x| x X X
2013|CaGIS |[Stefanidis et al.
2013|CaGIS |Tsou et al.
2013|CaGIS |Xu, Wong, and Yang
2014|CaGIS |Camponovo and Freundschuh
2014|JLBS |Grochenig, Brunauer, and Rehrl X X X
2014|CaGIS [Hawelka el al. X X
2014|CaGIS |Sagl, Delmelle, and Delmelle X x| x x| x| x
2014|JLBS |You and Krumm X
2015|JLBS |Gongalves, Afonso, and Martins X X %
2015|CaGIS |Malleson and Andresen X x| x
2015|JLBS [Tessem et al. X X
2015|JLBS [Zhao %
2016|CaGIS |Gong et al. 5
2016|TCJ Hauthal and Burghardt X X X x| x
2016|JLBS [Oliveira et al. X D X
2016|JLBS [Qiu and Wang X
2016|CaGIS [Robertson and Feick X X X % x| x
2016|CaGIS |Shook and Turner X
2016|CaGIS |Zhou and Zhang X 5% X
2017|CaGIS [Baker et al. X X X
2017|CaGIS |John et al. x| x X X x| x x| x
2018|JLBS |Almaslukh, Magdy, and Rey X X X
2018|CaGIS |Kounadi et al. X X %
2018|JLBS [Mamei and Colonna X x| x
2018|CaGIS [Resch, Uslander, and Havas X R %
2018|JLBS |Rybarczyk et al. X X X
2019|JLBS |Cay, Nagel, and Yantag X
2019|CaGIS [Jiang, Li, and Ye % 52| % X
2019|JLBS [Keler and Krisp P
2019|CaGIS |Koylu et al. X X
2019]|JLBS |Viel et al. 4 X
2019|CaGIS |Wang and Ye X D4 X
2020|CaGIS |Grébe and Burghardt X DX X X 5
2020|CaGIS |Hu, Li, and Ye % X X
2020|JLBS [Kveladze and Agerholm x| x
26242593422035172913 413 3 2 813
% 12 47 41018 6 8 439 61033 41825 825 6 4 16 25
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2.4.3 Challenges mapping crowdsourced data

Opverall, the new user-generated data is uncertain due to user errors and
GPS device inaccuracies that are often incorporated into data creation or
bounding boxes of abstracted places, e.g., Twitter. The long tail effect is
typical (Elwood, Goodchild, and Sui 2013). Few users contribute consider-
able data, while many users contribute far less than the power users. This
phenomenon also happens spatially; there is a great deal of data in urban
areas, while rural areas contain fewer data.

To deal with this circumstance, new visualization techniques are being used
more frequently, such as point maps, heat maps, micro diagrams, and
space-time cubes. More traditional approaches are usually designed to
work with fewer but higher-quality data.

The new crowdsourced geodata properties are similar to the properties of
big data: variety, veracity, volume, and velocity (Schroeck et al. 2012; Tsou
2015). The new data, with challenging properties for cartographers, create
the need for new or adjusted methods and tools for analysis and visualiza-
tion (Burghardt, Duchéne, and Mackaness 2014, 128; Tsou 2015).

2.5 Technologies for serving multiscale maps

The next section explains the foundation of today’s multiscale maps, tech-
nology, historical development, and research in the field. It provides a
broad impression of how a community can develop and adopt the technol-
ogy and standards. Innovations were driven mainly by big companies,
named in the section for specific technologies. For this reason, this portion
of the theoretical basis is more technical than scientific. The advantages and
disadvantages of the described methods and their applications are detailed
to better understand their use. The focus is on the technological evolution
of multiscale web maps for a wide audience, not on the general term of web
mapping, its platforms, applications, eras, or history (Tsou 2009; Veenen-
daal, Brovelli, and Li 2017).

2.5.1 Research about multiscale maps

Cartographers should be familiar with multiscale mapping. Its series of
scales is associated with topographic mapping and is established in most
countries worldwide. The current development was driven by big tech
companies, as shown in Figure 1. Google introduced free multiscale web
maps, and Mapbox initiated the current tectological trend toward vector
tiles. Cartographers identified the need for research and to apply already
developed concepts in this field (Jones and Mark Ware 2005). In parallel,
the open source community developed solutions for OpenStreetMap
(Ramm and Topf 2011).

A decision tool called ScaleMaster can guide multiscale map designers
through a range of data resolutions, display scales, and map purposes. The
resulting conceptional framework can be demonstrated in case studies and
later extended with a set of operators to maintain legibility (Brewer and
Buttenfield 2007; 2010; Roth, Brewer, and Stryker 2011). A ScaleMaster is
a diagram that describes the level of detail and the visualization of features
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Figure 8: Principal of the Merca-
tor projection in its normal posi-
tion. It is similar to a cylindrical
map projection, depicting the
world on a plane, but is not a
perspective.

Figure 9: First and only tile from
OpenStreetMap on zoom level 0O,
showing the whole world on a
square tile of 256 pixels. (Image:
© OpenStreetMap contributors)
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depending on the scale. It was applied to multiscale hypsometric mapping
and a prototype system for designing multiscale maps (Samsonov 2011;
Samsonov, Podolsky, and Yurova 2013). Somewhat similar is a multiscale
legend, which uses a matrix concept to symbolize features depending on
the scale. Possible use cases are developing and evaluating multiscale maps
(Grobe 2019).

Another research topic was correlating content or map load with zoom lev-
els and whether additional zoom levels between individual scales would be
helpful. It led to further implications for the generalization process.
(Dumont, Touya, and Duchéne 2015; Dumont, Touya, and Duchene 2016;
Dumont, Touya, and Duchéne 2016)

2.5.2 Web Mercator projection

The map projection of today’s web and multiscale maps is called Web or
Pseudo Mercator projection (Battersby et al. 2014; Wikipedia 2021b; Open-
StreetMap Wiki 2022a), a variant of the well-known Mercator projection.

In 1569, Gerhard Mercator presented a conformal projection, similar to
projecting on a cylinder but not a perspective, leaving the meridians as
equally spaced straight lines. The parallels are unequally spaced straight
lines, closest to the Equator, cutting the meridians at right angles. Given
that the Poles are at infinity, this leaves a significant distortion of the polar
regions. Only along the Equator or parallels equidistant from the Equator
are true to scale. The projection always preserves local directions and
shapes, representing north as up and south as down everywhere in its
standard position when the cylinder axis is identical to the Earth’s rotation
axis, as Figure 8 demonstrates. Loxodromes are straight lines on a map,
making the projection handy for navigation.

The properties of the Pseudo Mercator are nearly the same, but there is a
difference: The following PROJ code shows that the projection does not use
an ellipsoidal model for the Earth. Instead, the Earth is a sphere defined by
the parameters “a” equal “b,” which usually describes the semi-major and
minor axis. For WGS84, “b” should be 6,356,752, but the value for “a” is
still correct. This results in distortion, meaning a difference of up to 50 kil-
ometers in the northing values in polar regions and that the projection is
no longer conformal. (Battersby et al. 2014).

+proj=merc +a=6378137 +b=6378137 +lat_ts=0.0 +lon_0=0.0
+X_0=0.0 +y_0=0 +k=1.0 +units=m +nadgrids=@null +wktext
+no_defs

After Google acquired the technology company Where 2 Technolgies in
2004 from Lars and Jens Rasmussen, Lars went on to co-found Google
Maps, which developed the new Pseudo Mercator projection; through its
usage in Google Maps, the new projection reached a broad audience (Bat-
tersby et al. 2014). Later, the application was reverse-engineered (cfis 2006),
which was simple to do because the JavaScript code was publicly available,
implemented in OpenSource software projects, and started spreading.
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In the following years, various organizations started to introduce standard-
ization. An old and unofficial reference was the EPGS code 900913, a trans-
literation of Google to the numbers: 9-G, 0-0, 0-0, 9-g, 1-1, and 3-e (Schmidt
2007). Other codes from OSGeo and ESRI were also used to describe the
new map projection. In 2008, the EPSG was standardized, first as EPSG
code 3785 (Popular Visualisation CRS/Mercator), then later adjusted to the
final number and current code EPSG:3857 (WGS 84/Pseudo Mercator)
(Wikipedia 2021b).

In 2018, Google changed its projection again to show the Earth as a globe
when zooming out, using an orthographic map projection (heise online
2018). Since the projection looks like a globe, it eliminates the adverse dis-
tortions of the Web Mercator projection.

From a historical viewpoint, Mercator never intended to use this projection
for a world map (Snyder 1987); its objective purpose was for navigation.
For this use case, it does not matter that the map is not true to the area, even
with the oversized pole regions and underestimated equatorial regions.
Further, simplifying the use of a sphere is no more than a conformal pro-
jection (Battersby et al. 2014). Measuring distance is only minimally possi-
ble. Nevertheless, those things should not be done with a web map because
digital tools can do this correctly and accurately. Using a globe would al-
ways be the better option, but this is technically complicated.

Mercator projection is quite a good solution if the projection is only used
for web mapping, its original purpose. It always preserves shapes, is rela-
tively simple to implement and calculate, and is not restricted to a specitfic
scale (Battersby et al. 2014; cfis 2006). The fact that it is impossible to visu-
alize the pole regions does not matter since those areas are nearly uninhab-
ited, with fewer people interested in visiting.

2.5.3 Tiles and zoom levels

The new projection is not the only characteristic of multiscale maps; so is
substituting the principal scale with zoom levels and splitting images into
small images called “tiles.” While the tiling is a known methodology for
organizing raster data, the zoom levels are new, similar to the scale and
connected to Web Mercator projection.

The worldwide map starts with a single tile in Figure 9. The extent of the
Web Mercator and the scale is adjusted to fit on this first tile of 256 pixels
(cfis 2006), resulting in an approximate scale of 1:500,000,000 (“Zoom Lev-
els - OpenStreetMap Wiki” 2019). Often users do not recognize the first
tile because it is too tiny for regular screens and is not shown. Google Maps
started with eighteen zoom levels; the lowest zoom level showing the whole
world is zero.
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0OSGeo

OSGeo is the abbreviation for the
Open Source Geospatial Founda-
tion. A non-profit, non-governmen-
tal organization founded in 2006
that supports and promotes the
collaborative  development  of
open geospatial technologies and
data. It is a community-driven or-
ganization that organizes the an-
nual FOSS4G conference. Well-
known projects include QGIS,
GDAL/OGR, and PostGIS.

EPSG codes

EPSG codes are numbered en-
tries in a public registry of geo-
detic datums, spatial reference
systems, Earth ellipsoids, coordi-
nate transformations, and related
measurement units that address a
specific entry. It straightforwardly
identifies all spatial reference sys-
tems. Initially, the data set was
created by the European Petro-
leum Survey Group (EPSG) and
was made public in 1993.

PROJ

PROJ, formerly PROJ4, is a soft-
ware library for coordinate trans-
formation. It transforms geospatial
coordinates from one coordinate
reference system to other projec-
tions. It supports many carto-
graphic projections and geodetic
transformations, and the software
is an essential part of all open
source GIS software.
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Figure 10: Visualization of the first tile (0/0/0) using Pseudo Mercator projection,
showing further slicing for zoom levels 0, 1, and 2. The tile numbering follows
the OpenStreetMap schema (zoom level/column/row or short z/x/y) with the
origin in the upper left corner. Please note that the southern border is not shown
accurately for correct tiling.

In zoom level one, similar to a quadtree (Samet 1984), the world is shown
in four tiles, with each tile 256 pixels. This pattern continues until the last
and most detailed zoom level 17 (cfis 2006). Figure 10 visualizes the ap-
proach for the first three levels, using the Google Maps and OpenStreetMap
schemata, with the origin in the northwest corner. The tiles are named after
the zoom level, column, and row. One convention is to use the variables z,
x, and y as short names for zoom level, column, and row (“Slippy Map Tile-
names — OpenStreetMap Wiki” n.d.). Bing Maps uses a slightly different
one-dimensional approach, numbering the tiles starting in the upper left
corner with a “quadkey” (Schwartz 2022).

Table A9 provides an overview of the zoom levels and their approximate
scale at the Equator. In addition, a reference measure of one pixel to meters
is given, but again, this is only valid for the Equator. This behavior is char-
acteristic of the Web Mercator projection, with the scale changing when
going north or south. It makes sense not to use the term “scale” because a
numerical scale is not applicable.

Splitting the map into fixed small images offers the possibility of pre-ren-
dering the tiles and merging them visually with the client’s viewer. This ap-
proach makes it easier for many users to host a map with less computation
because there is no need to render a map for each user (cfis 2006).



Technologies for serving multiscale maps

2.5.4 Raster tiles

The following ordering of standards for accessing map data through an API
follows the technical development shown in Figure 1. It is always no geo-
data. Instead, all those interfaces deliver raster images live or pre-rendered
from various data sources with no georeferences included. Nevertheless,
using the APIs described here with other file formats would be possible, but
it is not common.

2541 WMS

The first version of web mapping service or server, part of OpenGIS web
services (OWS), was standardized by the OGC in 2000. It provides an
HTTP interface for a server when a client requests images with specified
properties (OGC 2000). It is a part of a web service for geodata with a sim-
ilar structure, allowing geodata to be handled in different ways (Andrae et
al. 2011; OGC 2014).

A WMS must be able to handle at least the first two of the following re-
quests to be meaningfully used by a client. Version 1.3.0 defines the support
of GetCapabilites, GetMap, and GeoFeaturelnfo operations as mandatory.
The order stems from the logic that it is impossible to formulate any other
request like the GetCapabilites request without knowing the GetCapabilites
response. The most used is the GetMap request, answered with an image of
rendered data. The client always sends a request via an URL (OGC 2006).

GetCapabilities: The capabilities request is an XML file contain-
ing information about metadata, available layers, supported pro-
jections, and image formats.

GetMap: The client requests a map as an image via URL values.
The response contains a map extent in a specific format and in an
offered coordinate system; what is available can be obtained from
GetCapabilities. The server then sends—if possible—the map sec-
tion in the requested format to the client, which displays the result.

GetLegendGraphic: A legend for the requested layer and its data
is sent to the client.

GetStyles: A list of available styles is sent.

GetFeaturelnfo: The server can send geodata with attributes for a
specific map section to the client on request.

The benefit of WMS is flexibility: the adjustment of resolution, scale, style,
and extent is possible. In addition, the service supports metadata and
time—a map can be rendered at different requested points in time. All of
those features are possible through complex requests, which are possible
through operations and documents. Nevertheless, all of those steps need
computing time, and different requests result in rendering the same data
repeatedly, which takes time. Technically, the setup needs the following
components: an HTTP server for managing communication and GIS soft-
ware to handle the essential request and render the data as raster images.
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Raster tiles

Raster tiles are visualized geodata
cut into tiles in a standard raster
image format.

OGC

The Open Geospatial Consortium
(OGC) is a standards organization
that was founded in 1994. It aims
to develop and implement open
standards for geospatial content
and services, such as WMS,
WMTS, and the GeoPackage.
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2542 TMS or XYZ

Both services behind the abbreviations of TMS and XYZ are not standard-
ized. However, conventions exist for how to deal with these APIs, which
are the basis for many web maps, following the convention of Google Maps
(Wikipedia 2021a). It is a kind of representational state transfer (REST)
API, which is easy to use.

XYZ stands for the row, column, and zoom level of a map tile, as in Figure
10, usually using a PNG image or another image format, with the origin in
the upper left corner. XYZ completely follows the implementation of
Google, and is bound to the Web Mercator projection and to the predefined
zoom levels. It is often used, but it is not adjustable beyond changing the
image format (OpenStreetMap Wiki 2021a; Wikipedia 2021a). The ap-
proach is part of a patent submitted in 2004 titled “Digital Mapping Sys-
tem” (Rasmussen et al. 2004).

TMS is very similar to XYZ—compared with the XYZ API, the TMSY value
is flipped. The origin of the tile numbering is in the lower left corner. As a
cheat, some software supports a minus bevor Y-variable to deal with this
circumstance (OpenStreetMap Wiki 2019). The service has been de facto
standardized with OSGeo since 2006 (OSGeo 2012a) and offers some vari-
ables. It supports different projections, zoom levels, and tile sizes, and it
also offers a file with available resources called “tilemapservice.xml.” The
two approaches work with caching and do not expect a live rendering of
tiles. A simple script is enough to generate the needed folder structure to
set up the service (OpenStreetMap Wiki 2021b).

The cache and its simplicity are advantages of TMS and XYZ. While a TMS
is flexible at some point, XYZ is just as it is. It was designed for and applied
to highly used maps that are not subject to change. Implementing a TMS
or XYZ service only needs an HTTP server.

2543 WMTS

In 2010, a WMTS had a similar architecture as a WMS, but only needed an
HTTP server to fulfill the minimum requirements. Inside the standard, it’s
clear that its development was motivated by the success of Google Maps,
Yahoo! Maps, and others (OGC 2010). WMTS mixes the features of WMS
and TMS and is similar to a client, not officially standardized TMS or XYZ.
It is the result of development started by extending the WMS, with an ad-
ditional profile for tiled caching called WMS tile caching or WMS-C
(OSGeo 2012b).

A WMTS offers the possibilities of GetCapabilities and GetFeaturelnfo like
a WMS, but not the GetMap operation. Instead, there is a GetTile request
that delivers the rendered geodata. Service metadata must be available, and
the origin of the row and columns is again in the upper left. It is possible to
use different profiles to adjust to varying needs and purposes (OGC 2010):

e WMTS answers requests by using lists of parameters and their val-
ues, defined as lists of key-value pairs similar to the WMS.
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e  WMTS can support the SOAP encoding for each operation by of-
fering the needed metadata for the operation.

e WMTS acts like a TMS or XYZ server that supports only RESTful
access for each resource, with no further operations.

The advantage of the WMTS is the optional GetFeatureInfo option, com-
bined with the flexibility of defining its own tile sets for each projection.
Furthermore, it is a standard supported by different software applications.
Hosting can be done with a simple HTTP server or an additional GIS com-
ponent in order to offer the data behind the features.

2.5.5 Vector tiles

The following section explains the use of vector-based formats in multiscale
mapping. To access the data, the same APIs are used for raster tiles. There
are more differences than just the file format, but the structure of this sec-
tion focuses on this point because it was essential for development. There
was a wide range of formats in use, starting with vector graphic formats,
geodata formats for tiles, and a specialized format for Mapbox vector tiles
in 2014 (Mapbox [2014] 2021). The development progression culminates
in the OGC API tiles (OGC [2019] 2021), which will be finalized soon.

2.5.5.1 SVG and other graphic formats

Scalable vector graphics (SVG) is an XML-based vector image format. It
has been standardized since 2001 (W3C 2001) and is an open standard de-
veloped by the World Wide Web Consortium (W3C) in 1999.

SVG is technical, a possible output format of a WMS (OGC 2006). There is
some evidence of trying to use it with the CloudMade vector stream server
(GDAL 2022a), but it seems to not be used often. Reasons for this are a long
rendering time for the client compared to raster images or the possibility of
unauthorized usage. Other technological approaches, such as Flash, Silver-
light, or JavaFX, were explored and compared (Lienert et al. 2012). No com-
prehensive application was achieved.

2552 GeoJSON and TopoJSON

Another possibility is using geo-vector data formats on the web. GeoJSON
(Butler et al. 2016) and TopoJSON (Bostock and Calvin Metcalf [2012]
2013) are essential formats that represent the attributes of geographic fea-
tures based on the JSON format. The JavaScript Object Notation (JSON) is
an open standard file format that is human-readable and derived from Ja-
vaScript. While GeoJSON represents each geometry discreetly in
TopoJSON, line segments are stored only once to reduce the file size.

Simply overlaying single objects was (Lienert et al. 2012), and still is, possi-
ble in web mapping. Combining tiling technology and the JSON formats

23

Vector tiles

Vector tiles are not vector graphic,
which is cut into tiles. They are a
visualization-optimized  geodata
format with limited geometry pre-
cision and attributes.
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Mapbox

Mapbox is an American provider
of customizable online maps for
various applications. Founded in
2010, the company offers a com-
parable service to Google Maps,
and is a creator or contributor to
open source mapping libraries
and applications.
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was the first approach toward vector tiling (Gaffuri 2012; Antoniou, Mor-
ley, and Haklay 2009). Many web mapping libraries, such as Leaflet’ or
OpenlLayers,’ can handle and visualize it according to its attributes.

The drawbacks of this method are slow rendering (Lienert et al. 2012; Far-
kas 2020) and relatively big file sizes. TopoJSON attempted to reduce the
file size by zipping the files for transmission over HTTP. Nonetheless, the
JSON formats never reached a small file size comparable with the data den-
sity of raster files. A particular challenge for all of those formats is the merg-
ing of cut lines and polygons during the tiling process; merging is necessary
for rendering (Nordan 2012; Lin Li et al. 2017).

2.5.5.3 Mapbox Vector Tiles

The most used standard in vector-based web mapping for end users is Map-
box vector tiles (MVT). The format’s first specification was published in
2014, describing the encoding of geometries and their attributes in the
Google protocol buffers as the container format. To reduce tile size, screen
coordinates inside the tiles are used, and the attributes are stored in a dic-
tionary (Mapbox [2014] 2021).

It would make sense if Google Maps started using a similar approach again,
but there is no news of such a shift. Interestingly, specifications were cre-
ated by Mapbox, but Apple holds a patent for a very similar technique
(Pahwa, Lenoski, and Courtemanche 2015), in addition to some patents
later obtained from Mapbox (Saman Bemel-Benrud et al. 2017; Thompson
and Clark 2018).
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Figure 11: Overview of how Mapbox vector tiles are created and delivered to the end user, including the necessary fonts
and symbols for rendering the map for the client in specialized formats.

5 https://leafletjs.com/
¢ https://openlayers.org/
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Besides using a new, specialized file format with strongly compressed and
simplified geodata, many technical improvements made Mapbox vector
tiles production-ready. The tiles contain no geocoordinates, only screen co-
ordinates, but they do have attributes. The hardware acceleration for ren-
dering using WebGL is another crucial feature. Figure 11 shows an example
workflow for creating the data visualization needed for Mapbox vector tiles.
Similar to raster tiles, the map is delivered in tiles, but now in 512 pixels.
From these results, the vector tile zoom levels differ by one number because
the first tile on zoom level zero has double the size. Table A9 makes this
behavior clearer.

A file called TileJ]SON (Anon, 2022a) describes the properties of a collection
of tiles and their attributes, and a StyleJ]SON (“Sprite | Style Specification |
Mapbox GL JS” n.d.) brings the tiles and map style together. For optimized
rendering, the font is stored in a particular format called glyphs (“Glyphs |
Style Specification | Mapbox GL JS” n.d.), and all the icons are stored in an
image called a sprite, an additional JSON file (“Sprite | Style Specification |
Mapbox GLJS” n.d.).

Asaresult, it is now possible to consistently deliver the same tiles and adjust
the style as applied by the client. It allows the client to change the map style,
rotate the fonts if the map is rotated, and adjust feature names to the client’s
preferred language. Another point is seamless zooming; it is possible to in-
terpolate the data between zoom levels.

2554 OGC API tile

Currently, the OGC API tile standard is under development. The API
should provide tile geospatial information. This is offered in different
forms, such as map tiles, coverage tiles, styled vector tiles, styled map tiles,
and the style itself by combing the principle of tiles with other OGC stand-
ards (OGC [2019] 2021; Cavazzi 2018). This would replace the currently
known approaches of WES, WCS, and WMS with a RESTful API that al-
ways provides the data as tiles.

2.5.6 Tiling as a principle

Besides the approaches mentioned here, raster datasets are often stored in
tiles to allow effective access to smaller pieces of big data sets and to enable
less complicated handling. In addition, processing geodata in a tiled way
offers advantages for the generalization process (Touya et al. 2017). Further
research could explore the possibilities of parallel data processing and han-
dling the reemergence of cut-up features. Formats and technologies have
changed over time, but the principle has stayed the same. Data is cut into
rectangles, whether it is vector or raster data, for transmission, visualiza-
tion, and processing.
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3 Point collection visualization with cate-
gorized attributes

Point collection sources can be varied. One source is volunteered geo-
graphic platforms with a defined data structure and metadata for sharing
knowledge, such as OpenStreetMap or eBird.” Those mapping platforms
are specialized databases for spatial knowledge, while Wikipedia and Wik-
idata are more generic collections of data with text, pictures, and many
more types of stored information. All of this data can also be seen as POI
because a bird observation on eBird can be registered with a number to
track that bird, and detailed information about a house on Wikipedia can
distinguish it as very special. So, it is a question of scale and the aim of the
analysis whether a point is part of a point collection or a POI. Possible ex-
ample categories from these sources include bird species from eBird, a type
of restaurant or cuisine from OpenStreetMap, or different language ver-
sions of Wikipedia entries.

For LBSM, the overall properties are more typical for point collection
(Bereuter 2015): The user creates content to share with others; it is likely
for photo sharing platforms, e.g., Flickr, for social networks, e.g., Twitter
and Facebook, or for recommendation platforms, e.g., Foursquare or
TripAdvisor. There are no clear boundaries between these service provid-
ers—it is possible to share photos on Facebook or Twitter and have a dis-
cussion on Flickr. The value of this information becomes relevant for a gen-
eral audience in terms of volume, not single contributions. Possible catego-
ries for applying this data are the language or time of day of a tweet or the
mobile operating system or camera model used to upload a photo to Flickr.

Another source could be statistical data from a census or a research insti-
tution. Those data sources can be very reliable but hard to obtain due to
underlying privacy concerns stemming from point locations. Practical ex-
amples of census data can be found in the German Federal Statistical Office
(Statistische Bundesamt) or the Robert Koch Institute for public health.
Possible categories could include the religious denomination, the country
of origin of non-nationals, and disease variants.

3.1 Target users and possible tasks

The most likely application would be analyzing the point data. Advanced
users or visualization experts, such as data scientists, cartographers, and
analysts, should be able to interpret the point patterns and be interested in
going into more detail. With the help of various visualization techniques
and their parameters, it should be possible to explore the data in detail and
adjust the visualization to meet specific needs.

A possible first step for users could be checking the spatial extent and data
distribution. Next, they might determine the data amount and compare

7 https://ebird.org/home
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category distribution. Third, reading specific values containing infor-
mation about the exact numerical proportion of categories to reveal
hotspots could be the next step. Eventually, the analyst could explore com-
binations of categories.
3.2 Example data
Twitter data from January 1, 2019, will be used. Each tweet is single point
geometry and contains information about the tweet language provided by
Twitter. This dataset will be utilized to show possible visualizations of a
point collection with categorized attributes. It will demonstrate the benefits
and shortcomings of different approaches to point collection visualization
and discussion bases.
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Figure 12: Point visualization of English, French, Dutch, and German tweets for January 1, 2019.

Belgium and the Netherlands is an exciting areas for high numbers of
tweets due to the clear French/Dutch language border inside Belgium, as
well as the clear language boundary along national borders. PostgreSQL’s
spatial PostGIS and QGIS for visualization were used for data storage and
map computations. To compare, Figure 12 uses the standard point method
for visualizing the language distribution, while Figure 15 shows the same
data utilizing micro diagrams. For better map interpretation, the languages
are limited to the four that are visible within the countries: Dutch, English,
French, and German.
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3.3 Visualization approaches

The following section explains different visualization techniques for point
collection and categorical attributes, from straightforward to more sophis-
ticated methods for providing an overview of the possibilities.

3.3.1 Common techniques

There are standard techniques in use for point data. For each category, an
example map gives an impression of how a result can look, referencing car-
tographic textbooks and literature.

3.3.1.1 Point maps

Currently, visualization as points colored according to attributes of interest
is the most used approach, as in the tweet language example. Many exam-
ples use data from Twitter, Flickr, or OpenStreetMap (Fischer 2011; Linna
Li, Goodchild, and Xu 2013; Leetaru et al. 2013; Hauthal, Dunkel, and
Burghardt 2021; Gugulica, Hauthal, and Burghardt 2020; Dunkel 2015;
Ferreira et al. 2013), which requires no calculation and the data is shown as
is by plotting simply all points.

There are different cartographic approaches for visualizing points accord-
ing to the literature (Kraak and Ormeling 2010); this can include point and
dot maps. Dot mapping means that “one dot is set equal to a certain phe-
nomenon, and dots are placed where that phenomenon is most likely to
occur” (Slocum et al. 2009, 90). As a result, several points can be combined
and symbolized by varying the dot sizes. The nominal point symbol map
(Kraak and Ormeling 2010, 137, 144) contains “symbols that are different
in shape, orientation or color.” In this case, each point stands for one object
and is not aggregated. An occurrence can be shown through geometric and
figurative symbols depending on the data and use case. For point collection,
geometric shapes are better because they are more generic and need less
space on the map.

The dot map and the nominal point symbol map do not appropriately de-
scribe the approach used by Fischer and others because there is no dot ag-
gregation, and the amount of data is so large that the points are not distin-
guishable, similar to a nominal point map. Due to this circumstance, the
visualization would be better called a point map, if a simple geometric
shape represents one occurrence of a phenomenon’s true position and uses
colors to distinguish categories. This technique works well for one category
shown in one color. The resulting visualization can be improved by alpha
blending techniques (Ellis and Dix 2007).

A disadvantage is that in regions with high data density, many points over-
lap and cause clutter, while others look empty. Using the visual color vari-
able (Bertin 1974) to show categories reinforces the cluttering effect and
makes the order of point drawing essential, so that there is no systematic
overlap. In addition, it is hard to quantify the visualized phenomenon;
sometimes the points are countable but in dense areas, only is only a rough
estimation possible.
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3.3.1.2 Point map example

On account of the importance of this approach, Figure 12 demonstrates the
point map method. The tweet points on the map are plotted in the order
drawn to ensure that the languages and their colors do not systematically
overlap each other. Color selection was applied using hclwizard® to ensure
that the colors have the same brightness, avoiding any bias from one color
attracting more attention than another.
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Figure 13: Kernel density estimation visualization of English, French, Dutch, and German tweets for January 1, 2019.

Other layers overlie some areas. The drawing order is English, Dutch, French, and German.

3.3.1.3 Interpolated surfaces

The kernel density estimation (KDE) is a statistical tool for smoothing and
interpolating values. A chosen kernel function interpolates point data into
a defined raster containing specific estimated values. Usually, the result is
visualized as a color gradient. This qualitative visualization can deal with
the fuzziness of high-volume data sets and avoid cluttering effects. The re-
sult is mainly limited to showing larger or smaller data availability in a re-
gion because reading values is difficult for the map user. Another use case
could compare two selected categories (Linna Li, Goodchild, and Xu 2013),
and KDE is commonly applied (Hollenstein and Purves 2010; Tsou et al.
2013; Ghosh and Guha 2013; Huck, Whyatt, and Coulton 2015; Resch,
Uslander, and Havas 2018).

8 http://hclwizard.org:3000/hclwizard/
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Figure 13 shows one weakness, which arises when using more than two cat-
egories: The different raster cells, with their interpolated values, are over-
layed. It is possible to deal with this limitation for two categories by show-
ing the dominating one, but not more. As a result, some values are hidden
in the example map, e.g., in the areas of London and Brussels, where other
languages are expected. Especially when compared to Figure 12, the bias of
this approach becomes apparent.

3.3.1.4  Area-related approaches

Summarizing area values is a common technique in cartography and sta-
tistics. Administrative units are often used, as well as grid-based independ-
ent units. More recent approaches utilize the geohash data structure or hex-
agon-shaped areas. The results can be shown in diagrams of the area or by
coloring areas to highlight the dominant category.

An example of using geohash data structure for aggregation is the Kibana’
visual analytics tool. Administrative areas are commonly used if the analy-
sis is somehow related to it, such as using, for example, census data and
comparing the analysis with election results or with regions (Linna Li,
Goodchild, and Xu 2013; Graham, Hale, and Gaffney 2014; Hauthal, Dun-
kel, and Burghardt 2021; Hauthal, Burghardt, and Dunkel 2019). Grid ap-
proaches are more independent and can show more details because the grid
can be tailored to specific needs, avoiding random effects related to admin-
istrative borders (Wider, Palacio, and Purves 2013; Hollenstein and Purves
2010; MacEachren et al. 2011; Crampton et al. 2013).

This type of use case is shown in Figure 14. Displaying the dominant lan-
guage by administrative area would only show a country’s borders. Inside
the countries, however, a grid can better reveal differences in Twitter lan-
guage usage. This visualization approach displays areas in Germany where
more English and Dutch tweets are created. In addition, the language bor-
der inside Belgium is more noticeable. An approach that uses independent
reference units combined with well-known cartographic standards, such as
minimal dimension, adds more information to the visualization compared
to the previously discussed techniques, even though the initial dataset is still
the same one. It underlines the impact visualization means can have on
supported messages.

3.3.2 The micro diagram approach

3.3.2.1 The definition of micro diagram

Micro diagrams are a visualization method that can deal with a large
amount of point data while simply resolving cluttering effects. It is a
method for analyzing location-based social media data and according to
Tsou, 2015, it may be a tool that can help manage the challenges of big data
in cartography. The result of the visualization process is a well-organized
map, similar to a cartogram but not distorted, such as a tile map (McNeill

® https://www.elastic.co/de/kibana/
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Figure 14: Grid visualization of English, French, Dutch, and German tweets for January 1, 2019. A grid cell shows the
color of the language with the highest number of tweets or no color.

& Hale, 2017), and it can be combined with a reference map. Similar carto-
graphic visualization approaches for lines (Bleisch & Hollenstein, 2017)
and areas (Heimerl et al., 2018) are also known.

Like grid maps, micro diagrams are derived by aggregation within a regular
grid. When visualizing area-based phenomena to create the look of a grid,
a better-suited name would be micro grid diagrams. Small-sized diagrams,
just above the minimum dimension, represent the proportion of the cate-
gorical attribute in a grid cell. In contrast, diagram size variation visualizes
the overall number of values. The result is a detailed map with no cluttering
effects, showing the exact categorical value distribution and not just the
dominant category.

What distinguishes micro diagrams from conventional diagrams when
combined with maps? So far, diagrams visualize the data related to a point,
a point diagram map, or an administrative unit as an area diagram (Kraak
and Ormeling 2010, 137). Combining a grid with small diagrams, or aggre-
gating point data into small units to visualize multiple categories, makes
this method suitable for point data. Using grids to visualize one variable
with proportional symbols is known as a proportional symbol grid map
(Kraak and Ormeling 2010, 137), a grid net map (Bollmann 2001, sec. Git-
ternetzkarte), or “symbols of variable size in a grid” (Bertin 1974, 137).
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3.3.2.2 Micro diagram map example

Similar to the example in Figure 14, a grid is the basis of the micro diagram
visualization in Figure 15. The points inside each unit were summarized
and organized into five classes based on the minimum value of one tweet
and the maximum value of 24,643 tweets in one grid cell. Due to the long
tail effect, manual classification was applied. The size of the symbols corre-
sponds with the grid. The areas of the smallest circle, with a 0.6 millimeter
diameter, and the largest circle, with a 3.3 millimeter diameter, are derived
this way. For the example map, a cell size of 40 kilometers in the Web Mer-
cator fulfills this requirement. For maximizing distinguishability, five clas-
ses show the amount of data. The highest class fills a grid cell with its diam-
eter and leaves some space at the edges due to the shape of the pie chart.

Indifference to the area-based visualizations of Figure 13 and Figure 14 is
indicated by the visibility of more than just the dominant language. The pie
charts show the language distribution in each grid cell. The point method
in Figure 7 provides similar information but here, the information is quan-
titative and cluttered. Numerical proportions are much clearer, and the
number of points is distinguishable.

Again, the language border in Belgium is noticeable; however, many more
details stand out in other countries. English tweets dominate the United
Kingdom, but in all other countries, English only comprises a fraction of
tweets, with particular national languages dominating. The amount of data
differs between high density in the Netherlands and Great Britain and less
density in the other countries, which is also visible on the point map.
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Figure 15: Micro diagram visualization of English, French, Dutch, and German tweets for January 1, 2019.



The micro diagram and its parameters

3.4 The micro diagram and its parameters

The micro diagram, or micro grid diagram, aims to provide an overview
and details simultaneously, using small diagrams arranged in a regular grid.
The size of those diagrams depends on the size of the regular units and the
number of accumulated values in one cell. In addition, the diagram visual-
izes the numerical proportion of a categorical attribute. The following par-
agraphs introduce the micro diagram creation process with its parameters.

To achieve this visualization, some processing steps are necessary. Figure
16 illustrates the entire visualization workflow for creating micro diagrams
with the processing steps, applied parameters, and intermediate results.
The first task is aggregating the primary point data into reference units. The
parameters at this step are types of units (spatial data structure or regular
units/areas), shapes of units (hexagons, rectangles, squares), and spatial
resolution. In the next processing step, appropriate colors are chosen for
the number of categories and a diagram type that fits the units for aggrega-
tion is identified. Next to diagram type, diagram size represents the amount
of data per cell, which can be executed in discrete steps or continuously.
This choice results in either a more or less complex visualization. Finally,
combining the thematic layer and a reference map results in a complete

Gridded Data
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Figure 16: Workflow for micro diagram creation. The processing steps are in gray boxes, the parameters ae below, and

the intermediate results are in the white ovals.

3.4.1 Aggregating points into a regular structure

The processing chain starts with the non-uniformly distributed points with
categorical attributes, as in Figure 12. Overall, the data contain regions with
low and high data densities, aggregated to summarize the data in compara-
ble units. This approach often utilizes a grid, or sometimes a graticule, to
construct regular units (Bollmann 2001, sec. Felderprinzip). The resulting
units can be squares, rectangles, or trapezoids, but triangles or hexagons are
also possible, which look more native and less artificial (Arnberger 1993,
145). Finally, the resulting areas with the contained points can be summed
up. This method is suitable for various applications due to its adjustable
size, shape, and independence from administrative or functional units. The
creation process for these units is restricted to one map projection and,
consequently, is not applicable worldwide. The global grid approach, with
nearly constant cell size, could overcome this restriction (Ben, Tong, and
Chen 2010; Lin et al. 2018).
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The sample maps in Figure 17 show examples of the different grid types for
comparison. Figure 17a visualizes the raw point data as a starting point.
Figure 17b shows a simple grid, while the maps in Figure 17¢ and Figure
17f demonstrate examples of constructed grids as hexagons and rhom-
buses, respectively. In contrast to the always present grids in the most ex-
amples, in the maps in Figure 17d and Figure 17e, the units are only visible
where data are available due to their construction using the particular spa-
tial data structures.

Spatial data structures can also achieve similar results as grids by dividing
the space into regular pieces to generate an overview, which can be used in
databases to achieve faster data access. Furthermore, spatial data structures
can represent hierarchies with rougher and finer resolutions and can be
used as indexes. The quadtree in Figure 17f is an example of such a hierar-
chical data structure (Samet 1984). In general, the quadtree decomposes a
space into equal parts on each level and stops dividing the space if a defined
number of features exist in each tile. This property groups the data into
small regular clusters with defined areas or numbers of points. Another in-
dex structure is the geohash (“Geohash” 2017), which uses a string repre-
sentation for each coordinate tuple. Removing characters from the end of
the string reduces accuracy. The geohash summarizes nearby points by
dropping the last characters, reducing only coordinate precision and allow-
ing rectangles to be built that approximate the potential bounding box of
these points (Figure 17d). A restriction of the geohash is that this approach
only works with geographic WGS84 coordinates, and the resulting rectan-
gles differ in size and shape depending on the map projection, scale, and
region on the earth.
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Figure 17: Examples of the different grids. Map (a) shows the raw point data, (b) shows a regular grid, (c) shows hexagons,
(d) shows the bounding boxes pattern of the geohash, (e) shows the patterns from a quadtree, and (f) shows rhombuses,
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3.4.2 Visualizing the number of data points

After the points have been summarized using grids or spatial data struc-
tures, the number of aggregated values can be visualized. For the visualiza-
tion of these ratio-scaled numbers, it is common to use the visual variable
size (Bertin 1974). An appropriate approach is to scale the symbol area ac-
cording to the number of aggregated points. The result is a proportional
symbol grid map, already known as the regular order of the single symbols
of geometrically-shaped symbols (Kraak and Ormeling 2010, 144). The
area of a symbol scales with the number of aggregated points based on a
defined function. For a circle, the diameter can be calculated as follows
(Tépfer 1974, 97):

d= —4 Ay * N
* * .
g 0T

The d is the diameter of the circle, the A, area for one point, and N; the
number of points.

The minimum area for one point is a circle with an area of 0.3 square mil-
limeters, which results in a diameter of approximately 0.6 millimeters, ac-
cording to the minimum dimensions for a single-colored point from the
literature (Hake, Griinreich, and Meng 2002), because the color should be
used to distinguish between categories that are combined with diagrams.
For smaller diameters, it would not be possible to identify the color to dis-
tinguish between categories. A circle should have a maximum diameter of
3.3 millimeters and, thus, an area of approximately 8.5 square millimeters.
This assumption ensures Bertin’s recommendation of using, on average,
not more than ten features per 100 square millimeters, as he proposes in his
examples (Bertin 1974, 135, 145, 198). In the case of a square, the side length
is based on the maximum area of the circle. The result is a side length of 2.9
millimeters, ensuring enough space for the reference map to remain visible.

The formula for calculating the diameter assumes a linear relationship be-
tween the number of points and the symbol area. In the case of a large num-
ber of points, a high diameter will not fit within the defined maximum limit
of a 3.3 millimeter diameter. A solution can be using a nonlinear function
or extending the formula above by adaptively scaling the proportional sym-
bols (Slocum et al. 2009, 305; Topfer 1974, 94). On the one hand, this is a
very versatile solution but on the other hand, it is more difficult to read and
interpret the values. A better solution that might fulfill the described re-
quirement could be using graduated symbols with three to five classes to
categorize the number of points. Graduated symbols are easier to read, alt-
hough they do not offer information about the exact data amounts.
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3.4.3 Grid and micro diagrams

The maximum size of the diagrams should correspond to the spatial reso-
lution of the grid for aggregation and map scale. In the ideal scenario, the
spatial resolution of the grid cells is adapted to the threshold value of the
maximum symbol size. Due to the structure and functionality of the spatial
data structures, it is not always possible to follow this rule. For example, in
the case of the geohash spatial data structure, only a discrete number of
aggregation levels and grid resolutions can be selected. In these cases, the
grid cells should be larger, up to 5 millimeters in diameter, rather than

smaller for better results.

1,2,5,10, 20

20 km

© OpenStreetMap Contributers 2019,
© GeoBasis-DE / BKG 2018

Figure 18: The maps without the visible grid illustrate how a micro diagram map can look using this grid type and diagram
shapes. Samples (a) to (d) show how the circles and squares fit into a square grid. The examples in (b) and (d) display
the results without the grid lines. Maps (e) to (h) use hexagon cells, again in combination with circles and squares. Sub-
figure (f) and (h) demonstrate the results without the grid.

Other parameters are the shapes of the grid units and the diagrams. Figure
18 shows grid unit example variations and simple geometric shapes, which
can be the outlines of a diagram. Circles fill the hexagons better (Figure
18e), while squares fill the rectangular grid cells better (Figure 18c). The
circles in a visible grid look good (Figure 18a), while the squares in hexa-
gons (Figure 18g) seem ill-suited. The micro diagrams usually work with-
out showing the grid (see examples in Figure 18b, d, f, and h) and allow for
the use of all shapes and grids.
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Nevertheless, how much space is between the invisible grid and the diagram
is essential for the resulting map. If the shape fits nicely into the grid, there
is less space for the reference map. Conversely, incompletely filled grid cells
mean more information comes from the reference map.

In addition, there is a difference in diagram arrangements. While the rec-
tangular grid creates an even and rigid grid look, the hexagon cells imitate
a natural pattern, e.g., honeycombs, basalt columns, or snowflakes, leading
to a more harmonious look. The result is a somewhat natural-looking pat-
tern. The combination of square grid units and circles in the example visu-
alizations is preferred because it emphasizes the grid character. It shows
that the data are aggregated, look harmonious, and offers space to the ref-
erence map. Hexagon grinding produces excellent results but hides more
of the grid character, which should be shown in our examples to demon-
strate the idea of the approach.

3.4.4 Visualizing numerical proportions with diagrams
The diagrams are used to show the proportions of the individual categories.
The selection of usable diagram types is limited to compact area propor-
tional diagrams, which are appropriate for medium- to high-value margins.
This requirement excludes all length-proportional diagrams and the used
grid structure in which the diagrams should fit.

It is well known that the frequently used pie charts are typically not cartog-
raphers’ first choice (Imhof 1972, 77), but their pleasing shape offers ad-
vantages for map design. The judgment of areas is less accurate than the
judgments of lengths, but pie charts are more appropriate for comparing
combinations than bar charts (Spence and Lewandowsky 1991). Neverthe-
less, rectangles are more suitable for reading values than circles (Arnberger
1993), but they are rarely used. A systematic overview of the cartography
used in diagrams was provided by Schnabel (2007) and, combined with
evaluations of various data usability (Tsorlini et al. 2017), helped us select
the appropriate types of diagrams.

Figure 20 shows examples of different diagram types used as micro dia-
grams. The polar area chart and the wing chart can deal with just four cat-
egories, while the divided area chart and the pie chart do not have this lim-
itation. In exchange, the polar area and wing charts can show evident cate-
gory null values. The divided area and pie chart are very compact and fit
better with the grid. In particular, the divided area diagram is weak visual-
izing small values because the areas have small stripes. Due to their frequent
implementation and harmonious shapes, pie charts are primarily used for
examples and research.
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Figure 20: Example maps for the usable micro diagram chart types: (a) pie chart, (b) wing chart, (c) divided area chart,
and (d) polar area chart.

The number of possible micro diagram categories is limited due to the dia-
gram type, the number of visually distinguishable colors, and the minimum
visible area for a category in a diagram. In particular, Figure 20 displays
examples that clearly show that the diagram type limits the number of cat-
egories since the visibility of a category in a divided area diagram is lower
than in a pie chart. The exact number of visualizable categories depends on
the diagram’s size and the spatial distribution of the categories. According
to ColorBrewer (Brewer 2005), twelve distinguishable colors are possible.
That is much more than is possible in a micro diagram and is a minor lim-
itation of the approach.

3.4.5 Influence of color and color brightness

The selection of colors to differentiate the categories is an important task
that can easily manipulate a map’s appearance. Using a prominent color,
such as red, for a category with a high percentage can lead to the impression
that this is the most critical category, steering the interpretation of the map
in a specific direction. Comparatively, using such a prominent color for a
category with a relatively low percentage can help keep this category visible.
Keeping this in mind, colors should be chosen with care.

Designed for choropleth mapping, the ColorBrewer (Cynthia Brewer 2017;
Brewer 2005) can help select colors. Another option is hclwizard (“HCL
Wizard - Somewhere over the Rainbow” n.d.; Zeileis et al. 2019; Zeileis,
Hornik, and Murrell 2009), which produces a perceptually uniform color
palette for different application fields that are easy to distinguish and have
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the same level of brightness. This tool is often used for selecting colors in
statistical graphs and uses a color model adapted to human perception.
Based on the assumption that colors with the same level of brightness at-
tract an equal amount of attention (Bollmann 2001, para. Farbhelligkeit),
this tool ensures that the selected colors do not overemphasize any partic-
ular category.

Figure 21 compares colors selected from ColorBrewer (a) and colors that
were generated with hclwizard (b). While the yellow on map (a) attracts the
most attention because of its brightness, the colors on map (b) have nearly
the same level of brightness, with no color attracting noticeably more at-
tention than another, which may prevent overweighting a category. Color-
Brewer also offers palettes with similar and often varying brightness values,
which is more beneficial for choropleth maps. Both tools help choose the
colors, but the results can differ and bias the map reader toward different
conclusions for the same visualization.

3.4.6 Interaction options with micro diagrams

Micro diagrams are not only a static mapping method; they also promise to
add interactive options to the visualization. These options are essential for
conveying detailed information. Possible visualization interactions include
showing the exact numerical distribution of the category values when the
pointer hovers over a diagram; offering a magnifying glass if a user wants
to see the details of a region; changing the category colors to regroup the
information; and zooming in and changing the map.

In addition, it is possible to give the user control of the parameters when
creating the micro diagrams. The tools can include adjusting the grid reso-
lution, changing the classification, scaling the diagram size, selecting the
amount of free space around the diagram, turning the aggregation grid on
or off, choosing the diagram type, reclassifying the data with different
methods that affect the categories and their distribution, and selecting the
reference map. These options can turn micro diagrams into powerful tools
for geospatial analysis.

3.5 Application and user-based evaluation

This section presents use cases of micro diagrams visualizing point collec-
tion and their perception. The new visualization approach is discussed
from three selected viewpoints: mapmakers, analysts, and map readers.

3.5.1 Micro diagrams in a multiscale environment
Abstraction and scale are crucial factors in map creation that require a
closer look. For discussion, the example map from this chapter is revisited
to facilitate the comparison.

3.5.1.1  Multiscale use case

Figure 22 visualizes the Twitter data from the introduction example (Figure
12, Figure 13, Figure 14, and Figure 15) on three different scales. The map
in the middle has the same scale as the other samples, while the map on the
left has more visible details due to the lower scale number. The right map
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Figure 21: Map (a) uses “Set3” from
ColorBrewer and map (b) uses self-
defined colors from hclwizard.
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offers more abstraction due to the higher scale number. Figure 19 shows
the grids behind the micro diagrams in Figure 22. The tweets are situated
inside the 80 km grid, subdivided by the 40 km and 20 km grids, because a
grid cell is only drawn if there’s at least one tweet inside.

Across all three maps, the micro diagram dimension remains constant.
There is no change in grid size, colors, classifications, or diagram sizes. The
grid aggregation is matched with the chosen scale to recreate similar looks.
Otherwise, the maps would not be comparable since the diagrams would
grow too big and no longer be micro diagrams.

Generally, a greater scale leads to more substantial abstraction, as the right
map in Figure 22 shows. The left map contains more details, but for a
smaller area—regions with sparse data become more visible and more de-
tails are noticeable. For example, in Great Britain, a small number of Ger-
man tweets is only noticeable on this scale. With each step toward the right,
the aggregation level rises, leading to a more evenly filled map at the cost of
visualization precision.

Compared to the previous maps (Figure 12, Figure 13, Figure 14, and Fig-
ure 15) on this matter, the micro diagram visualization offers a clutter-free
and quantitative estimation of the Twitter data, which works on different
scales and for four variables within the same graphic.

3.5.1.2 Micro diagram map perspectives

Different readers perceive a map differently, but they are all guided by their
existing knowledge and map-reading skills. This fact needs to be consid-
ered when creating a complex graphic, e.g., a micro diagram visualization.

For a non-expert map reader, the visualization should be as simple as pos-
sible, offering a good overview without too many details and only necessary
variables. An analyst, however, wants to explore data using the map and is
interested in details and different views of the same dataset. Complex visu-
alization and many variables are acceptable as long as they are purposeful
and legible. A micro diagram map targets the analyst as a user because it is
a complex visualization that can lead to different conclusions using a set of
different visual variables.

There is a workflow showing all the options for a cartographer who wants
to create a micro diagram. The parameters discussed in the workflow on
page 33 should be chosen with map reading skills and interests in mind. All
of these parameters are part of the design process and should be coordi-
nated with the map reader’s skills and interests. In addition, age and possi-
ble disabilities can influence the size and color of the micro diagram map.
In contrast, the number of classes and grid size depends more on the gen-
eral audience—experts appreciate more details, while ordinary map users
should not be overwhelmed.
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Figure 22: Micro diagram visualization of tweet languages from one day in three different scales. The scale is doubled

for each map from left to right.

3.5.2 The micro diagram user study

The study aims to evaluate the new micro diagram visualization method.
The advantages and possible problems of this approach for visualizing
point collection data should be identified.

3.5.2.1 Objective

A user study was conducted with the help of a master’s thesis (Friedel,
2018), verifying that the users understood how to interpret micro diagrams.
The study also supports the advantages of the new visualization method, as
well as identifies the users’ preferences regarding the point map and the
micro diagrams, according to the estimating numerical proportions and
quantities tasks.

3.5.2.2  Structure

At the beginning of the online survey, information about the participants’
education, gender, age, use of visual aids, and cartographic background
knowledge was collected. The survey started with an explanation about mi-
cro diagrams, followed by a question to verify that the users understood the
visualizations and had not guessed.

Each participant had to solve four tasks of increasing difficulty related to
the point method and the micro diagrams. Everyone was asked to solve the
four tasks twice for a marked grid cell or in a functional region. The func-
tional region, a district of Dresden, as shown in Figure 23, is an example of
an administrative unit. A functional unit, such as a district, is often used in
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the application, e.g., administration and urban planning. Ideally, the map
reader could summarize the information for this region, draw conclusions,
and make decisions based on the visualized data. For the survey tasks, thirty
different maps were produced, similar to the previous examples, to prevent
the learning effect from always using the same examples. Finally, the par-
ticipants were asked whether they preferred to use the point map or the
micro diagrams to solve the tasks.

3.5.2.3 User tasks

The four defined tasks are listed below. Two micro diagram examples and
two point map examples were provided for each task, requiring a total of
four sub-questions per task to be answered.

e (A) Identify the dominant category in a grid
cell and a functional region.

e (B) Estimate the category percentage for a
grid cell and a functional region.

e (C) Estimate the overall amount for all cate-
gories in a grid cell and a functional region.

e (D) Estimate the category value for a grid cell
and a functional region.

Variable A 0 1000 2000m 0 1000 2000m
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Figure 23: Example maps from the user test. The left map shows an example of the tasks related to a grid cell on a point
map, while the right map shows an example of the tasks related to a functional region on a micro diagram map.

Task (A) is a simple decision question—is a region redder or greener? It is
more difficult to estimate the number proportion between the two catego-
ries in task B. The answer to task C is the estimated amount of data in the
marked grid cell or functional region. For this task, the map reader had to
use and understand the legend to answer this question. Finally, task D
asked for the value of a category. To answer this question, combining the
knowledge of tasks B and C is necessary.
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3.5.2.4 Participants

Seventeen people participated in the survey, of which fourteen held a uni-
versity degree. As Figure 25 shows, the majority of participants had some
experience with point symbols.

4]
2]
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1 2 3 4 5

Knowlege

Number of Participants

Figure 25: Participant self-assessment of their knowledge of cartographic point
symbols. One means no knowledge, while five means expert knowledge.

According to Figure 24, most study participants were between 25 and 35
years old, with the second largest group over 65 years old (23.5%). In the
user test evaluation, the results of two participants were removed due to
rough mistakes in the answers. Seven of the remaining participants indi-
cated that they used visual aids. Everyone answered the micro diagram vis-
ualization question correctly, proving that they read the explanation about
the micro diagram method.

3.5.2.5 Results
Diagram Point
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Figure 26: Evaluation of task A: Estimation of the dominant category. Each dia-
gram corresponds to one question in the survey.

Task A was to identify the dominant category in the marked region; an ex-
ample map is shown in Figure 23. The corresponding answers in Figure 26
show that the micro diagrams allowed more participants to estimate the
dominant category correctly.
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18-25 years (11.8 %)

> 65 years (23.5 %)

26-35 years (41.2 %)

56-65 years (5.9 %)

46-55 years (5.9 %)

36-45 years (11.8 %)

Figure 24: Ages of the survey partic-
ipants.
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In task B, which asked participants to estimate the percentage of variables
A and B, the standard deviation for the micro diagrams is notably lower
than for the point method. The mean standard deviation for the micro di-
agrams is 6.0, while the mean standard deviation is much higher for the
point method at 15.1. In addition, Figure 27 shows that the standard devi-
ation tends to be higher if the question refers to a functional region. The
reason for this behavior could be unclear regional borders in the micro di-
agram grids. The grid cells do not match the border of a function, leading
to different estimations.

Point Method

80 ]
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Reference

20

Estimated Amount of Values

Answers to Questions

Figure 27: Evaluation of task B: Estimation of the percentage for a category. Each bar of the diagram corresponds to one

question in the survey.

Results for tasks C and D are similar, shown in Figure 28 and Figure 29,
respectively. The standard deviations are very high for reading the amount
of data or values for one category. In the end, eleven participants stated that
they preferred the micro diagrams for solving tasks, four gave no prefer-
ences, and no one preferred the point map.

3.5.2.6 Discussion and conclusions

A challenge in creating the user study map was constructing a legend for
the point method, which enables the map reader to estimate the number of
values. Figure 23 shows a possible solution, which provides a matrix for the
categories and the number of points. The result of the study should be seen
more as a trend because of the limited expressiveness due to the sample size
of 17 participants.
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In general, the high standard deviations indicate, it seemed very hard for

even the most experienced participants to read the values. Estimating the

values using micro diagrams works better than using a point map. How-

ever, this method only allows for a rough determination of the values, as

reflected by the standard deviations in the evaluations of tasks C and D. For

the functional regions, the estimation resulted in higher standard devia-

tions, which corresponds with the user comments that it was harder to es-

timate the values in this case. The micro diagrams offer noticeable ad-

vantages over the point method for tasks A and B, such as being able to read

the numerical proportions in grid cells and regions.
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Figure 28: Evaluation of task C: Estimation of the overall amount for all categories. Each bar of the diagram corresponds

to one question in the survey.
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According to the results, it can be concluded that the micro diagram visu-
alization method offers some advantages over the point method. Micro di-
agrams make it easier to determine the dominant category and the percent-
age in a category. Reading specific values also works better in the micro
diagram than in the point map. Estimating values with a point map is com-
plex, and the method works more qualitatively than quantitatively. The
participants understood the visualization and obtained rough information
about the amount of data and the numbers for one category when using the
micro diagram method.
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Figure 29: Evaluation of task D: Estimation of the overall amount for all categories. Each bar of the diagram corresponds
to one question in the survey.
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3.5.3 Point collection visualization discussion

The use case and the user test demonstrated that micro diagrams suit spe-
cific tasks. The use case revealed the advantages of the point method for
showing detailed distributions of point data. Figure 8 illustrates this exam-
ple in contrast to the more abstract visualization with micro diagrams in
Figure 9. On the one hand, the details in the point map can be fascinating
and relevant; on the other hand, the micro diagram map offers a better
overview of the numerical proportions of the diagrams and more accurate
information about the amount of data beyond the general statement “there
are many points”.

Table 2 offers an overview of possible target user tasks and their fulfillment
according to the case study and user test. Overall, the point map allows a
better look at spatial distribution with more details. In contrast, the micro
diagrams offer better quantitative and more detailed information. The user
test also validates that it is possible to estimate the amount of data using the
point map and micro diagrams. Point maps might be the better choice for
an analyst to form the first visualization since they provide detailed repre-
sentations of spatial distributions and are easy-to-produce visualizations
for an average GIS user. The result is an overview of the spatial data distri-
bution that allows an estimation of the relative distribution of data and cat-
egories. However, if a more accurate analysis, comparison of categories, or
detection of hotspots is needed, then the micro diagrams are more appro-
priate. The choice between these two visualization methods depends on the
objective, the topic of the visualization, and the user group.

Table 2: Comparison of visualization approaches. One star means less appro-
priate, and three stars are the most suitable.

Task Point maps Micro diagrams
Determine the spatial ol **
distribution

Determine the amount * b
of data

Determine the dominant ** e
category

Determine the propor- * Frx
tion of categories

Determine the combina- ** e
tion of categories

Determine the hot spots * b

Compare the amounts
of data

3.5.3.1  Applications

Micro diagrams are suitable for use cases requiring deeper analyses. The
complex and time-consuming creation process is not suitable for quick vis-
ualization, and the resulting graphic needs time to be understood and read.
The user test participants were all, to some degree, visualization experts and
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were able to solve the tasks. A comparison with the average map reader was
not possible due to the small number of participants, and it was also not the
aim of the study. The most likely applications could be analyzing location-
based social media data, comparing the values for different indexes, or ex-
ploring census data (e.g., race, region, and education). These application
cases are performed by experts such as data scientists, analysts, and deci-
sion-makers, who are similar to the user test participants and can benefit
from the wide range of parameters that can be used to create micro dia-
grams. Using different parameters also allows the exploration of the data in
detail and adjustments to the visualization for specific tasks.

3.5.3.2 Parameters

The choice of aggregation method depends on the data source, the objec-
tive, and the amount of data. If the data are already stored in a form similar
to a grid structure, aggregation is unnecessary. Aggregation could also be
performed to anonymize data (e.g., census data). If deeper analysis is
needed, the spatial data structures offer more options for generating differ-
ent aggregation levels. The use of grid units is primarily suitable for visual-
ization, mainly because they can be adjusted to meet specific needs result-
ing from a fixed scale or a desired abstract representation. More data helps
obtain better analysis results; in this instance, the micro diagrams offer ben-
efits over the point maps. The underlying grid data structure provides an
index for fast processing and supports aggregation.

Diagram size is an important parameter. If the diagram is too small, it gets
difficult to read the category colors or determine the amount of data via
size. There is a fine line between too large and too small and unreadable,
which is also influenced by the aggregation parameters. The user test
showed that the micro diagrams allow value estimations. Some interaction
techniques can simplify this for users and provide better readability.

In the example, mostly pie charts were used to show numerical proportions
because of their flexible usage and broad implementation. All other dia-
grams are usually unavailable out of the box and must be implemented. For
example, Figure 20 shows that other types of diagrams can also fit the re-
quirements of the micro diagram method.

Nevertheless, the design of the reference map influences the readability of
point or micro diagram maps. The reference map should contain enough
information to allow the meaning to be inferred with enough space, but not
too much, to keep the focus on the thematic information (Arnberger,
1977). The current examples always included a grayscale reference map
with only the most essential features, e.g., sea, land, and borders. Depend-
ing on the scale, large cities, water bodies, and hill shading are certainly
conceivable. The colors must always be correctly assigned to the categories
or objects; otherwise, the readability and the expressiveness of the map will
presumably be strongly impaired. These requirements are not fulfilled by
any standard map style and require the creation of a unique style.
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3.5.3.3  Further questions

Several subjects for further investigation would be interesting in addition
to the presented theoretical considerations and case studies: What happens
if the grid size changes or the origin moves? How can changes in the map
scale and the degree of aggregation be combined or decoupled? On the one
hand, the aggregation should always remain adjusted to the scale for opti-
mal readability. On the other hand, changing the aggregation can open new
perspectives and lead to new findings. Similarly, this is also possible by
moving the grid origin. This may strongly impact the number of objects in
each grid cell, which is reinforced by the classified visualization of the
amount. Therefore, ideally, interactive methods offering options for deeper
analyses should be made available to analysts.

3.5.3.4 Conclusion

Micro diagrams are a new visualization method that can handle a high
amount of point data, which is typical for LBSM data. It resolves cluttering
effects through grid aggregation. The result of aggregation and visualiza-
tion by the diagram is a well-organized map, similar to a cartogram but not
distorted like a tile map (McNeill and Hale 2017), that can be combined
with a reference map. Similar cartographic visualization approaches (Ble-
isch and Hollenstein 2017; Heimerl et al. 2018) exist in the literature for
other geometry types.

Reading and understanding can take some time due to the high infor-
mation density in a micro diagram map. Advanced map readers, such as
data scientists, analysts, and decision-makers, can benefit from it. The
methods creation process offers a wide range of parameters that can modify
the visualization for specific cases and personal needs by adjusting the ag-
gregation, the diagram, or the data classification. In addition, aggregation
allows data anonymization and protects the privacy of sensitive data, which
can be LBSM or even statistical data from a census.
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Micro diagrams

Micro diagrams are a suitable
method for visualizing generic
point data sets, allowing the map
user to estimate the number of
points and numerical proportions
of the categories.
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4 Selection of POls for visualization

The following chapter deals with different selection approaches for POIs or
similar objects using space and one numerical attribute. Available solutions
from the literature are explained, following a methods discussion covering
less known approaches and new solutions not found in published carto-
graphic literature. All methods are documented with a comparable example
for better understanding. This is followed by an evaluation of the perfor-
mance of the different approaches, use cases for the method of discrete iso-
lation, and considerations of usage in multiscale mapping. The examples
with different data sources should illustrate diverse applications. A critical
review of the different use cases and a comparison of the approaches com-
plete the discussion.

4.1 Approaches for point selection

Selection is a method for preserving significant features in the generaliza-
tion process while decreasing the scale. Based on the feature’s attributes, a
decision has to be made to remove or maintain them depending on their
spatial distribution. In generalization operator terminology, selection
(Kraak and Ormeling 2010; Hake, Griinreich, and Meng 2002) is also ab-
stracted as “refinement” (Slocum et al. 2009, 102; Stanislawski et al. 2014)
or “selective omission” (Z. Li 2007).

How selection was performed previously is a matter of knowledge and ex-
perience for the conducting cartographer. Some recommendations are
given in the literature, such as Arnberger’s recommendation to grade set-
tlements according to the number of inhabitants, function, and importance
(Arnberger 1993). A cartographer training book (Laubert, Woska, and
Habel 1988, 90) mentions additional criteria, including the area’s character,
settlement density, area of the settlement, importance of the settlement,
and settlement type.

Today, new machine-learning techniques attempt to reproduce this com-
plex selection process (Karsznia and Sielicka 2020; Karsznia and Weibel
2018). In the two example cases, the authors explore previous cartogra-
phers’ decision criteria for settlements using machine-learning methods
and eventually reach, from their point of view, equally satisfying results for
their chosen sample. In order to achieve this goal, a high number of criteria,
such as administrative, cultural, or economic factors, were collected, pre-
pared, and used.

Opverall, the settlement selection use case is a typical example, perhaps be-
cause it is the most common application or an obvious and understandable
example. There were early attempts at algorithmic selection approaches
that considered the frequency and distribution of the features (Srnka 1970).
Additionally, different measures for selecting settlements, made with the
help of a radius derived from the population or an R-tree (Shea 1988, 50),
are also known.
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Li offers an overview of selection methods and also explains some algo-
rithms that are part of Sheas’s report (Z. Li 2007, 81-84). The circle growth
algorithm (Kreveld, Oostrum, and Snoeyink 1997) and settlement-spacing
ratio algorithm (Langran 1986) are explained and illustrated. Both ap-
proaches rank point features but in different ways, which fits nicely in the
model of automated settlement selection by Flewelling and Eggenhofer,
who tried to formalize its importance (Flewelling and Egenhofer 1993). The
settlement-spacing ratio algorithms start with the essential point, which is
checked to see if a circle inversely proportional to the numerical im-
portance measure contains an already selected point. If there is no point,
the point gets selected; otherwise, the point is omitted. The circle-growth
algorithm uses a circle, which is proportional to its importance. While pro-
cessing, the circles grow until they overlap with a neighboring circle, which
leads to a ranking.

4.2 Methods for point selection

In the following sections, three point selection methods are described and
illustrated for the area shown in Figure 30. The map visualizes all populated
places tagged as “place=town” or “place=city” in the same way to show the
spatial distribution, with reference. It is well understood that a selection is
necessary to achieve good representation without cluttering. All described
selection approaches will be explained with a schematic profile and a map
example. Settlements may not be the typical example for points of interest,
which is understandable because the relationships are very vivid and data
collection is simple. The numerical population attribute can be replaced by
the number of photos, comments, visitors, mentions, or recommendations
for a restaurant or tourist destination. Implementing the methods as a
QGIS plugin’® allows a comparison of the three methods and makes them
available to more GIS users.
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Figure 30: All places and towns from OpenStreetMap in the example extent.

1 https://plugins.qgis.org/plugins/point selection/ (accessed April 2021)
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Figure 31: Schematic profile for the la-
bel grid approach: Selection of the
point with the highest p-value in each
grid cell. For example, p can be the
population, while x describes the
space.
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4.2.1 Label grid approach

The first selection approach uses a grid—the point with the highest value is
selected for an area defined by a rectangular grid cell, introduced and im-
plemented as an SQL function for PostgreSQL/PostGIS from Mapbox."
This solution works well for populated places and can also be transferred
to other point data. The grid width can be changed to adjust the density of
the selected points. The SQL implementation uses squares, but it is also
possible to work with a grid of diamonds, hexagons, or any other polygon
in the QGIS plugin. The result is a ranking of the points inside the grid,
offering the flexibility to vary the selected points number without re-com-
putation by choosing the first six points, for example.

The method requires assigning the points to a grid cell in an implementa-
tion. Next, the ordering of all points a grid cell contains is followed accord-
ing to a numerical value. The result can be stored as a boolean or an integer
(as ranking) with the point. Figure 32 shows an example of the label grid
method applied to the populated places from Figure 30. Only the place with
the highest population in each normally invisible grid cell, with a height
and width of 156 kilometers, is shown. In the case of a typical web map, this
would be the size of one tile at zoom level eight, a scale of 1:2,000,000 at the
equator. The result is mainly influenced by grid origin and grid cell size, as
illustrated in Figure 31. The grid is a strict border and may show points
with relatively low values, e.g., in grid cell (2). Moving the grid leads to a
different result, so it is essential to use the same grid if a reproducible selec-
tion is desired. A loop is needed to find which point is contained by which
grid cell, following a sorting of the values in each cell. The result is a com-
plexity of O (n * logn) due to the label grid approach sorting algorithm.
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Figure 32: Example map for the label grid approach; only the place with the
highest population in each grid cell is shown.

! https://github.com/mapbox/postgis-vt-util (accessed March 2021)
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4.2.2 Functional importance approach

Functional importance models the significance of a place with a bell-shaped
curve, lowering values by distance and numerical value, as Figure 33 shows.
The difference between the function value of different points can be stored
and used to select the points. This way of modeling interactions between
objects is less common in generalization and was used by Hormann (Hor-
mann 2021). According to documentation on the website, the following
formula is used in the QGIS plugin (Hormann 2020; 2015a):

_d
fx)=pxe #

d... distance between the point geometries

p... numerical attribute value, e.g., population

p... variable to adjust how quickly the distance value is decreasing and to
maintain distance between nearby points

Figure 33 illustrates the formula and shows the influence of the parameters.
By adjusting variable f, it is possible to control the minimal distance be-
tween the points shown on the map. The numerical value, e.g., the popula-
tion, also influences the selection or non-selection of the point because the
difference between the function values must be greater than zero. For point
(2), the value is too low for selection. It would be possible to use another
function similar to the function f(x) = — p?, to model functional im-
portance with a reduced set of parameters.
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Figure 34: Map example for functional importance. The brightness of the circles
represents functional importance based on population values.

A loop over all points has to be applied to determine the highest functional
importance value, followed by a second loop that calculates the distance
and function values. The result is a quadratic complexity of O (n?). Figure
34 shows an example map using functional importance for cities with a f3-
value of 78 kilometers, which is the radius of the function when it nearly
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Figure 33: Visualization of the func-
tional importance method. The func-
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on the map. In this example, points (1)
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Figure 35: Visualization of the discrete
isolation value computation. The
points numbered 1 to 6 receive differ-
ent isolation values because of the p-
value. The discrete isolation is the dis-
tance (d) to the point with the next
highest value for (p).
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reaches zero. The radius is comparable with the tile at zoom level eight, with
a size of 156 kilometers in the Web Mercator projection. Through this ap-
proach, two cities with nearly the same population as Pardubice and Hra-
dec Kralové may get selected.

4.2.3 Discrete isolation approach

The discrete isolation approach transfers the principle of topographic iso-
lation to discrete points. Topographic isolation is the distance to the nearest
higher point from a peak, often a point on a slope and not a peak. Discrete
isolation considers only peaks; there is no continuous surface, such as a re-
lief, just discrete values from points. Per definition, discrete isolation is the
distance from one point to the closest point with a higher attribute value,
as Figure 35 illustrates. When computing this value, it is necessary to cal-
culate the distance to all other points with a higher p-value and order the
results to get the point with the lowest distance and the next highest value.
Using this approach, points (1) to (5) receive a distance, which is storable
as an attribute. Point (6) is the highest point; thus, no distance can be de-
rived from points with a higher value. For practical reasons, a default value,
such as the earth’s perimeter, can be applied.

Implementing discrete isolation requires calculating the distance from a se-
lected point, e.g., (3) to every point with a higher value—(4), (5), and (6)—
and then saving the lowest distance to a point with a higher value as point
(3). Overall, two loops are needed, as Figure 36 shows: one to go through
all the points and a second to compare one point with all the other points,
calculating the distance, if necessary. The result is a quadratic complexity
of 0(n?).

points = (...) # Set of points with numerical attribute

max_isolation = 100000

# Go over all points
for pointl in points:

# If attribute not null
if pointl.attribute:
pointl.isolation = max_isolation
# Loop over all points again for comparing the attribute value
for points2 in points:
# Compare attribute value
if point2.attribute > pointl.attribute:
# If attribute value great calculate distance
isolation = distance(pointl, point2)
# Compare with already calculated isolation, if smaller store it
if isolation < pointl.isolation:
pointl.isolation = isolation

# If no attribute aviable, then isolation have to be null

else:
pointl.isolation = None

Figure 36: Python pseudo-code to implement discrete isolation, similar to imple-
mentation in the QGIS plugin, “Point selection algorithms.”

Figure 37 presents a spatial example of Dresden. Leipzig is the nearest place
with a higher population, and the distance between the cities—around 100
kilometers—is the discrete isolation for Dresden. To reach this value, it is
necessary to calculate the distance between Dresden and all other cities with
more inhabitants, and the minimum distance is stored. A loop over every
point, as shown in Figure 36, is needed for all points.
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The discrete isolation value can be used later to select points by defining a

minimum distance. This technique makes it possible to refine the selection,

if required. In the GIS, a graduated renderer can be combined with various

classification methods to find suitable isolation values.
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Figure 37: Visualizing discrete isolation for Dresden. Leipzig is
with a higher population.

the nearest town

As a result, selecting a lower or higher distance value for the isolation in-

creases or decreases the number of points shown on the

map. Figure 38

visualizes a selection of cities determined by the isolation method. Only

places with a distance greater than 78 kilometers to the next place with a

higher population are shown. Visualizing the isolation value is possible by

visualizing the circle’s radius. The minimum isolation distance is compara-

ble to a circle with a diameter of 156 kilometers, which is co
tile size at zoom level eight.

mparable to the

Bremerhaven,
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Figure 38: Example map for discrete isolation. The circles show the distance to

the nearest city with a higher population.
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4.3 Functional evaluation of selection methods

To evaluate the different approaches, a runtime test was conducted to as-
sess the performance of the approaches and to make further statements
about possible usage. Additionally, different use cases for discrete isolation
are illustrated to show possible applications.

4.3.1 Runtime comparison

To evaluate the runtime of the three described approaches, a series of test
runs was conducted with the default settings of the different QGIS plugin
tools. Data from randomly distributed points were generated inside a pre-
defined bounding box—100 points were increased to 2,000 points, with 500
and 1,000 points as steps in between. A numerical value attribute between
1 and 6,000 was generated for each point. The selection tool was applied six
times to get average runtime values and to remove background effects. A
Microsoft Surface with 16GB of RAM, SSD hard drive, Intel Core i7 8650U,
and QGIS 3.16.3 was used to run the test.

Algorithm runtime

140s °
120 s

100s

Selection method
80s
Discrete isolation
== Functional importance

o= Label grid

Runtime

60s

40s

20s

500 1000 1500 2000
Number of points

Figure 39: Runtime of the three different selection methods, depending on the
number of points.

Figure 39 shows the performance test results—the computing time is nearly
identical for 100 points. After a five-fold increase in the number of points,
a clear differentiation in runtime and computing time variance becomes
visible. At 2,000 points, the label grid needs only 5 seconds, while discrete
isolation needs 80 seconds and functional importance 130 seconds. For a
better runtime estimation, polynomial curves were worked into the visual-
ization. According to the results, the computation time for the label grid
increases somewhat linearly, consistent with the estimated complexity. In
contrast, discrete isolation and functional importance show a quadratic
runtime development.
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The long runtimes of functional importance and discrete isolation increase
the number of distances, which must be calculated by increasing points. In
the case of discrete isolation, the number of calculated distances is reduced
by only considering points that have a higher attribute value. In contrast,
the label grid approach runtime depended more on the number of grid cells
that were kept constant during the test. Increasing the number of grid cells
would also increase the label grid’s computation time. In the case of discrete
isolation, the parameters did not influence runtime. In the event of unsat-
isfactory results, it can become necessary to re-run the label grid or func-
tional importance with changed parameters; this is not necessary for the
discrete isolation approach.

4.3.2 Use cases for discrete isolation

The following examples illustrate how discrete isolation can be utilized in
map-making. It is also possible to use for data sets and analysis, such as
extracting local hotspots, as the LBSM for Dresden example shows.

4.3.2.1

The selection of settlements is a typical map production task, which is es-

Selecting populated places

sential for the map user’s orientation. The following example works with
populated places from OpenStreetMap using the provided population
number. For the computation, the data was imported into a PostgresSQL
database with the PostGIS extension and visualized by QGIS.

Figure 40 shows different selections made with discrete isolation, demon-
strating how flexible the measure can be for the generalization refinement
operator. In comparison, Figure 40a uses a minimum isolation distance of
150 kilometers, which leads to a sparse distribution of places. If the distance
is decreased to 100 kilometers, as in Figure 40b, the map becomes fuller and
more places are shown. Figure 40c demonstrates another possibility for us-
ing discrete isolation: a combination of different attributes, with the dis-
crete isolation measure refining the selection. In this case, the Open-
StreetMap classification of populated places was used, distinguishing be-
tween a town,'? an important urban center, and a city,” the largest settle-
ment for a region. Applying different minimum discrete isolation values
reproduces a better map than the overall distribution of places. To compare
to all existing places, refer to Figure 30.

4322

Another possible use case is the selection of places from LBSM for analysis

Selecting places from LBSM

or presentation purposes. The outcome is Twitter hotspots around Dres-
den. This example is purely for demonstration; for better results, LBSM
should be combined with topic modeling approaches to split the places into
different categories, creating more meaningful results.

12 https://wiki.openstreetmap.org/w/index.php?ti-
tle=Tag:place%3Dtown&oldid=1893997

13 https://wiki.openstreetmap.org/w/index.php?ti-
tle=Tag:place%3Dcity&oldid=2057875
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Figure 41: Possibilities for georefer-
encing a tweet with a coordinate tuple
and a Twitter place. Both properties
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For research purposes, the georeferenced tweets for Europe have been col-
lected. How often a user mentioned Twitter places was summarized for the
region around Dresden. Each tweet can contain two possible geolocations,
as Figure 41 shows: one location is defined by coordinates, and the other by
a predefined place offered by Twitter. Each Twitter place has a name and is
classified and described by a rectangle. To simplify processing, the bound-
ing box of the place is reduced to the centroid and the discrete isolation was
calculated in QGIS.

With those measures for each Twitter place, it is also possible to derive a
locally more critical place according to the number of usages. Table 3 offers
a preview of places around Dresden, shown in Figure 42 and ordered by
usage count. The map only shows places with discrete isolation greater than
3,000 meters. A closer look at the table shows how many places are hidden
despite having a high number, but they are not as essential as in other areas,
with many fewer points.

Table 3: Places, mentions count, and isolation around Dresden.

Name Count Isolation
Frauenkirche 158 55,470.7
Semperoper Dresden 146 510.2
Stadion Dresden 132 1,311.3
Messe Dresden 132 2,273.0
Dresden Hauptbahnhof 110 1,129.3
Zwinger 101 239.4
Flughafen Dresden 98 6,895.6
Glaserne Manufaktur 79 690.7
Deutsches Hygiene-Museum 78 389.1
Gasthof Barwalde 73 11,149.3
Sachsischer Landtag 64 225.1
Striezelmarkt Dresden 60 361.0
GroBer Garten Dresden 54 836.1

Through discrete isolation, it is possible to identify local hotspots because
the values of the nearby places are considered. Indeed, the difference be-
tween the values used for ranking can be minimal but still significantly af-
fect the selection result. Another detail that should be mentioned is that
places in rural areas are scarce. However, rural areas are locally essential
and sometimes exciting, and discrete isolation can handle this effect and
provide some results, as Figure 42 visualizes.
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Figure 42: Twitter place selection according to the number of uses.

4.3.2.3 Selecting features depending on the scale

Finally, the discrete isolation selection measure should be demonstrated in
a multiscale context using the same data as the “Selecting populated places”
section. A new selection should be initiated, starting from one scale to reach
a similar information density.

The distance between the point or the example populated places should be
increased to select the following scale. A linear distance can be transferred
into the scale by applying radical law (T6pfer 1974, 25, 31) as follows:

St
dr =de* |—
T s * S5

dr ... distance at target scale St ... target scale

ds ... distance at source scale Ss ... source scale

A short calculation, starting with the scale at zoom level 7 and 20 kilome-
ters, shows how the minimum isolation distance, according to Topfer,
should be increased in Table 4. This would lead to a map that is over-
crowded with points, as in Figure 43d and Figure 43e. Also, counting the
number of points shows that there are many more points: in Figure 43d, 49
points and in Figure 43e, 123 points are shown. That is four times the num-
ber of the source scale. The usage of the Web Mercator projection might be
a reason for this result, as it is not true to length and area. Instead, a pro-
portional formula is used, following leads to a more comparable result in
this use case, as Figure 43b and Figure 43¢ shows. The number of points
varies between 18 and 42 but does not change significantly.
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Formular for transferring the selection
formular, directly proportional to the
scale.

Radical law and multiscale

mapping

As the examples show, there are
problems with applying radical
law here. Further investigations
should be conducted to evaluate
whether this is a specific or gen-
eral problem.
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Table 4: Calculating the minimum isolation distance for the following scale, based on radical law and an adjusted formula.

Zoom level Scale Min. isolation distance [km] Number of points Figure
Radical Law | Proportional | Radical Law Proportional 43
7 1:4,000,000 20.0 20 31 31| a
6 | 1:10,000,000 31.6 50 49 42 | d, b
5] 1:15,000,000 38.7 75 123 18 | e, C

o
0 10 20 30km o
[ - o

0 25 50" 75km
Ll 1]

Data © OpenStreetMap Contributers 2020
and NaturalEarth

go

0 25 50775km
| S T |

Figure 43: Example for using discrete isolation for the selection of populated places around Dresden on different scales:
(a) uses a minimum isolation about 20 km, (b) uses about 50 km, (c) uses about 75 km, (d) uses about 31.6 km, and
(e) uses about 38.7 km in the Web Mercator projection. No labels are shown to focus on the selection result. For the
derivation of (d) and (e), radical law was applied, while (b) and (c) use a proportional approach.

The resulting selection in Figure 43b and Figure 43¢, with the simplified
formula, would enable labeling the points because there is enough space.

Furthermore, it has a similar information density. Nevertheless, more re-

search needs to be done on how selection measures can be transferred from

one zoom level to another, taking into account the unique properties of

Web Mercator projection. The given example is limited to transferring the
formula to more general problems.
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4.4 Discussion of the selection approaches

A critical review of the presented selection methods and demonstrated ap-
plication possibilities follow now. After discussing the applications, the dif-
ferent approaches will be compared according to their properties and ap-
plication possibilities for further usage.

4.4.1 A critical view of the use cases

The discrete isolation measure seems to be useable for visualization selec-
tion purposes. It can deal with the classic cartographic task of selecting set-
tlements and new LBSM data on different scales. An advantage is that once
computed, the isolation values can be used several times and for several
scales. Refinement can be done with other attributes, as in the use case with
populated places. Additionally, the degree of generalization abstraction and
the information load can be adjusted with discrete isolation. This circum-
stance can also solve labeling problems with the point data, and a minimum
distance between the points can be ensured.

Unfavorable is the high complexity of discrete isolation and the long com-
putation time that undoubtedly results from it. It is possible to reduce this
a bit by only considering points within a defined radius, such as 500 kilo-
meters, because points further away have no local effects. Nevertheless, it is
still a disadvantage, which can make long computations necessary when
updating a database. Here, the label grid approach would be very beneficial
because only the points in a grid cell need to be considered.

However, the label grid method needs to be re-computed for each scale,
zoom level, or change in the parameters. This is not very handy for a mul-
tiscale environment, such as “Selecting features depending on the scale” or
“Selecting places from LBSM”. Here, discrete isolation allows a flexible so-
lution by changing just the value for selection, which can be helpful for
finding a degree of abstraction or for identifying relevant places.

Depending on the map scale, the selection has similar demands that dis-
crete isolation can fulfill. Nevertheless, keeping the selection consistent
over many scales seems challenging. Traditional radical law failed in the use
case, but there can be many reasons for this. Of course, the use approach
with a proportional transfer of linear measurements can be generalized, but
it should be tested more in multiscale setups and evaluated by an empirical
study. Problems with transferring measures from one zoom level to another
often happen during the production of web maps. A design must work at
multiple zoom levels and at a single level, requiring a system that can ensure
the consistency of the map. A selection measure can be an example, but
symbol sizes or colors are also relevant. There is still room for cartographic
research on this topic.
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4.4.2 Comparing the approaches

The following section provides an overview of the described and applied
methods for selecting POIs with a numerical attribute. Table 5 compares
the described selection methods according to performance, efficiency, and

usability in multiscale mapping.

The estimated complexity and the performance test with the QGIS plugin
showed that the label grid approach has the best performance. The python
implementation and the PostGIS function can handle large-point data sets
very well. This is one reason for their use in web mapping production, but
it comes with a disadvantage—selection ranking is based on a grid cell,
which depends on one zoom level or scale.

The complexity of discrete isolation is slightly lower than functional im-
portance, which was also proven by the runtime comparison. Figure 39
shows an average runtime of 1,000 points, which is significantly higher for
those two approaches. The difference between the two approaches is that
discrete isolation only considers points with higher values and not all
points, like functional importance. In contrast to the label grid, a selection
refinement is still possible because the numerical values are already calcu-
lated and used for the final selection.

The grid for the label grid is adjusted for one scale, as well as the functional
importance formula. This results in re-computing the selection for every
scale or changing the parameter again. Discrete isolation is only one calcu-
lation performed once and afterward, the value for selecting the points can
be adjusted without further processing. That is a strong advantage of dis-
crete isolation over other approaches, which require a re-run to adapt the
selection to a new scale.

The label grid parameters are the grid shape (square, hexagon, diamond)
and the grid cell size. In contrast, discrete isolation offers only the resulting
isolation distance as a criterion for selection. The functional importance is
entirely flexible—the formula can be changed completely; in our case, ra-
dius f is the parameter and the calculated importance values. The label
grid’s disadvantage is that combining a selected point or a ranking with
other attributes is difficult. For example, it is impossible to consider admin-
istrative capital in the ranking process, but it can be shown with other
points ranked by their numerical attribute. Also, a ranking inside one grid
cell does not consider spatial distribution and may cause later labeling
problems. Functional importance and discrete isolation, with their value-
based selection, offer the possibility of considering spatial distribution and
other attributes independent from a grid.
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Table 5: Comparison of selection method performance and usability: label grid,
functional importance, and discrete isolation.

Label grid Functional Discrete isola-
importance tion
Complexity O(n xlogn) 0(n?) 0(n?)
Average 2s 29s 17 s
run time
for 1,000
points
Re-run with | Yes No Yes
new pa-
rameter
useful
Re-run for Yes Yes No
different
zoom lev-
els or
scales
Parameters | Gird width, grid Formula and Isolation dis-
shape their varia- tance
bles, function
values
Depending | Yes, if a grid is No No
on the map | used
projection
Combined Limited Yes Yes
with other
attributes
Implemen- | QGIS plugin, QGIS plugin QGIS plugin,
tations Post- Post-
greSQL/PostGIS greSQL/PostGIS
Usage Mapbox, Top- Imagico.de meinGrin
PlusOpen,

OpenMapTiles

For the label grid approach, the grid shape and size depending on the map

projection and the influence of the resulting selection; the other methods

can be used depending on—or independently from—the map projection,

utilizing ellipsoidal distances. According to a map projection’s project set-

tings and characteristics, one solution might be advantageous.
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Discrete isolation

Discrete isolation delivers good
results for analysis, and for visual-
ization purposes if an even spatial
selection is needed or critical lo-
cal points are selected.

Selection of POls for visualization

The label grid was already implemented for PostgreSQL/PostGIS, and is
now available for QGIS. An implementation of discrete isolation also exists
for both environments; the functional importance is only available in the
QGIS plugin. The application of the three different methods can be re-
viewed through different web services. Only some examples are mentioned
for the label grid, although more exist. Functional importance seems to be
in use by the originator and is less known about it; discrete isolation is al-
ready in use at the meinGriin project.'*

4.4.3 Conclusion

Opverall, the label grid is the best choice if performance matters. It can also
be used with regular or non-regular polygons. Discrete isolation is versatile
and delivers good results but needs more computation time. Both methods
work well in a multiscale environment and seem suitable for efficient map
production. More complicated is functional importance—the results are
good, but the computation time is long and the modeling is complex. An
application in multiscale maps would require a long pre-computation for
each scale, making the method unsuitable.

All of these methods generally combine ranking features according to a nu-
merical attribute with a spatial component that considers the surrounding
points and their attributes. This ensures that the most critical points are
visible, followed by less critical points. The approach is transferable to data
sources other than VGI and LBSM, such as measuring air pollution levels
or selecting elevation or depth points. In addition, labeling conflicts can be
prevented because all of those techniques can be utilized to ensure a mini-
mum distance between selected features.

“ https://app.meingruen.org/#/
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5 Creating multiscale maps

The following chapter explains the production of multiscale maps using
VGI by analyzing two broadly used open source examples. Section 2.5,
“Technologies for serving multiscale maps,” provides the theoretical foun-
dation. The workflow of raster tile-based web maps with by-the-minute up-
dates is the OpenStreetMap Carto' project, and the vector tile-based pro-
ject with daily updates is the OpenMapTiles's project. Both projects are
well-known, are prototype-like, use the same data sources, are available on
GitHub, and can be set up easily using Docker, which makes them easy to
use. More maintained open map styles are based on OpenStreetMap, such
as the German'” and French'® variants of OpenStreetMap Carto or Open-
TopoMap.'"” However, the two projects do not address a similarly broad au-
dience. A published example that uses OpenStreetMap and official data is
the creation of the TopPlusOpen® service (Kunz and Bobrich 2019).

The discussion follows an abstraction of the general workflow for mul-
tiscale map production. The different intermediate stages are explored, in-
cluding various requirements and software solutions. In addition, the up-
rising stackless approach for map tile creation is documented. Finally, this
thesis applies the technological approach to visualization and generaliza-
tion techniques: micro diagrams and discrete isolation.

5.1 Examples of multiscale map production

To describe the production of web maps on multiple scales, Open-
StreetMap Carto and OpenMapTiles were chosen. Both projects have ex-
isted for several years, serving different purposes with their techniques as
raster and vector tile services. In addition to the workflow, a summary of
the crucial cartographic topic generlization in this context is provided.

The default tile layer on the OpenStreetMap homepage (full name Open-
StreetMap Carto or “OSM Carto” or “osm-carto”) has been in use since
2013 (OpenStreetMap Wiki 2022c). Nevertheless, the map style is older,
and the “Carto” in the name references the conversion software of the map
style written in CartoCSS to an XML file, readable for the mapnik rendering
software (Hormann 2018).

MapTiler Team currently maintains OpenMapTiles, which is based on the
OSM2Vector Tiles project, created from a bachelor’s thesis (Martinelli and
Roth 2016). While it is a free project, there are still possibilities to set up
self-hosted servers or to rent services from MapTiler with some additions,

15 https://github.com/gravitystorm/openstreetmap-carto

16 https://github.com/openmaptiles/openmaptiles

17 https://github.com/giggls/openstreetmap-carto-de

18 https://github.com/cquest/osmfr-cartocss

19 https://github.com/der-stefan/OpenTopoMap

20 https://www.bkg.bund.de/SharedDocs/Produktinformatio-
nen/BKG/DE/P-2018/180608-TopPlusOpen.html
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CartoCSS

CartoCSS is a language that eas-
ily defines a map style for mapnik
rendering software, similar to
CSS. It exposes different functions
as filters and styling from mapnik
XML-style files but is much easier
to handle. It is converted by the
software Carto to an XML reada-
ble for mapnik.

Mapbox GL

Mapbox GL is a collection of tools
for creating responsive, client-side
maps in web, mobile, and desktop
applications. The abbreviation
“GL” stands for OpenGL, the in-
dustry-standard Open Graphics
Library.
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e.g., hill shading, contour lines, terrain model, or satellite imagery (Open-
StreetMap Wiki 2022b). There are projects that are similar to Open-
StreetMap Carto that can adjust a map’s style, e.g., the OpenStreetMap
Americana.*' By using vector tile technology, it is possible to create a new
style or tileset with just a few changes. The OpenMapTiles project is a col-
lection of tools for creating vector tile “openmaptiles-tools”** and a config-
uration for the vector tile schema “openmaptiles.”? There are three suitable

» «

styles for the created tiles called “osm-bright-gl-style,” “maptiler-basic-gl-
style,” and “positron-gl-style.” The “gl” stands for accelerated graphic ren-

dering, similar to the Carto software in the OpenStreetMap Carto style.

5.1.1 OpenStreetMap Infrastructure

Since both mapping projects use OpenStreetMap as a primary data source,
it is described before each workflow explanation. OpenStreetMap saves its
fully versioned data in a PostgreSQL database. Through an AP], it is possi-
ble to retrieve and update that database. Due to the need for a fast response
time, the API request size is limited and mainly used to edit data with an
OpenStreetMap editor (Ramm and Topf 2011). For accessing larger chunks
of data, a dump produced by the Osmosis program is used (“Osmosis -
OpenStreetMap Wiki” 2022), which stores all information for one point in
time in a binary exchange format for the entire world called “planet.osm.”
This is done weekly and is available for download to every registered Open-
StreetMap user (“Planet.Osm - OpenStreetMap Wiki” 2022). Various ser-
vices offer different regional extracts as free downloads without requiring
contributor information. The Geofabrik,?* for example, cuts the data ac-
cording to administrative boundaries into pieces daily and then converts it
into various formats, such as the binary OSM-PBF-format, the OSM-XML-
format, or for small enough regions as a GIS-ready Shapefile.

As shown in Figure 44 and Figure 51, those dumps are only one part of the
database’s exports; “dift” files are created by the minute, hour, and day with
the changes from that particular time interval (“Planet.Osm/Diffs - Open-
StreetMap Wiki” 2021). This data extract allows users to update their data-
base. For the implementation workflow, the derived database design must
consider that requirement and a tool such as osm2pgsql*® or IMPOSM?* to
handle this behavior. In addition, it is possible to cut the diff file for a spe-
cific region or filter for changes by user, time, or tags. Possible tools for
processing the raw OpenStreetMap data are Osmosis or osmconvert, to
name a couple.

2 https://github.com/ZeLonewolf/openstreetmap-americana/
22 https://github.com/openmaptiles/openmaptiles-tools

2 https://github.com/openmaptiles/openmaptiles

4 https://download.geofabrik.de/

% https://osm2pgsql.org/

26 https://imposm.org/
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A particular dataset is OpenStreetMap’s coastline. Due to its nature as a
colossal polygon, which reaches continent size, a specialized workflow is
used. In order to provide a valid coastline, it is necessary to run a separate
daily process, just in case faulty edits break the coastline; a broken coastline
has to be fixed manually, which can take several days (“Coastline Pro-
cessing” 2022; “Coastline - OpenStreetMap Wiki” 2022). A website? offers
the latest valid coastline, the inverted water areas, and the Antarctic ice
shield as Shapefiles for download for all mapping projects.

5.1.2 OpenStreetMap Carto

It is volunteers who develop OpenStreetMap Carto using GitHub as a col-
laboration platform. This allows us to explore the technology’s details but
does not explain the context or the relationship between the tool and the
reasoning behind some actions. This section aims to describe and visualize
what needs to be done to create a map from OpenStreetMap data, and how
minutely updates work.

5.1.2.1 Data source and data storage

Osm2pgsql imports the data into the PostgreSQL rendering database with
PostGIS. The tool’s task is schema transformation, making the key-value-
tagged data available in a relational database. This is done by generating
four  tables named = “planet_osm_line,”  “planet_osm_point,”
“planet_osm_polygon,” and “planet_osm_roads” with the most common
tags in a column, resulting in huge tables with many empty cells. Additional
key-value combinations are stored using the hstore-extension in a column
that is accessible by separate operators.

Afterward, indexes and clustering is created according to the geometry to
allow minimal access time for the data. With the help of a lua-script®®
cleanup, operations are performed during the import, such as how to treat
the geometry of some tags, deleting unnecessary tags, and calculating the
rendering order of road features. The import of diff and summaries of what
has changed are handled the same way, and specific tiles are added to the
tile-expire-file. This gives the renderer the information needed to update
the tile. (“Osm2pgsql Manual - Osm2pgsql” n.d.; ircama 2018).

Additional data is used for rendering lower zoom levels: borders from Nat-
ural Earth? and the coastline. Those datasets are stored as shapefiles in a
data directory. In the case of the coastline, it makes sense to update those
datasets from time to time.

7 https://osmdata.openstreetmap.de/data/

28 https://github.com/gravitystorm/openstreetmap-carto/blob/mas-

ter/openstreetmap-carto.lua

» https://www.naturalearthdata.com/
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PostgreSQL/PostGIS

PostGIS is an open source spatial
extension of the free relational da-
tabase management system Post-
greSQL, using Simple Features
for SQL specification. It adds sup-
port for geographic data types
and functions, allowing location
queries and analyses to be run in
SQL.
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5.1.2.2 Tile and style creation

The main tool for producing raster images from geodata is the mapnik ren-
derer, which is configured by an XML file that contains rules on how to
visualize the data request using SQL queries from the database or the shape-
files, according to the requested scale. Due to the complexity of handling
big XML files, the map style is created in a styling language called CartoCSS,
which is converted by the Carto tool in the mapnik configuration file. Split-
ting the styling into several files (one per layer) is possible, in order to main-
tain the overview while everything in the project is collected.

As a design tool, Kosmetik is used, which offers a text editor next to the
preview map, making it possible to check style changes on the map. This
gets rendered after the required conversion of the style for mapnik and the

rendering of the tiles.

OpenStreetMap
Database

7

Osmosis

OpenStreetMap API OSM Coastline process

’—l

A

minutly once daily
v / v
Diffs Dump (Full or Regional) OpenStreetMap Editors Coastline

Figure 44: Visualization of the data flow to produce a multiscale map with OpenStreetMap Carto.

—T1

(Leaflet, OpenLayers, MapLibre)

=N

osm2pgsal
OpenStreetMap
Infrastructur Style creation
|
created from Diffs
v Other data source Tile creation
expire-file
PostgreSQL+PostGIS w Fonts and symbols Map creation
Y
Mapnik
on demand rendering pre- rendermg
A 4
Kosmetik Fonts Symbols
Apache + mod_tile Map style Mapnik XML
XYZ (Raster) CartoCSS
Web mapping client Carto
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The generalization is produced by selecting, ordering, or aggregating fea-
tures according to their attributes or size on the fly through SQL queries.
Other generalization effects are achieved by using graphic effects that visu-
ally merge features in combination with a dedicated rendering order, as in
Figure 45 and Figure 46. In addition, for low zoom levels, data from Natural
Earth is used for the boundaries.

Icons for patterns or symbols are vector or raster images directly accessed
by the mapnik renderer. The font of the map style is Noto Sans, which co-
vers nearly all worldwide languages and alphabets. In addition, there are
scripts that create road shields and coloring schemas for highways. The in-
tercultural map style now follows a typical color schema and uses an auto-
matically created and optimized color ramp to distinguish between differ-
ent types of roads.

5.1.2.3 Serving map tiles

The Apache Webserver mod._tile is a crucial feature for serving the tiles. It
controls which tiles are pre-rendered and which must be rendered by man-
aging the request and the cache. Lower zoom levels are frequently in use
and always in the cache. Higher zoom levels are rendered on demand. If a
user zooms in, the tiles are requested from the server. If the mod_tile no-
tices that a particular tile is not in the cache, it requests the tile’s rendering.
The rendering process works like a queue: It contains tiles that must be
prerendered by definition, tiles that the user requests, and tiles that need to
be processed because of new data in the database. The source for this infor-
mation is tile-expire-file.

There are still other techniques in use as well. Due to the potentially high
memory usage (Ramm and Topf 2011) of the raster tiles, it is also necessary
to delete tiles that are not requested. Another approach is dedicating similar
tiles, such as the blank tile in oceans, which lacks supplementary infor-
mation. In addition, technical restrictions, such as limited storage capacity,
the limited number of file names on a device, and labeling issues, are re-
solved by the principle of meta tiles (“Meta Tiles - OpenStreetMap Wiki”
2015). A meta tile is an oversized tile that aggregates smaller tiles; it is cut
into smaller tiles for delivery to the client.

5.1.2.4 Viewing map tiles

Finally, map tiles are visually merged by a viewer. In the case of a web page,
a JavaScript-based web mapping client performs the task. Map tiles within
the extent, according to the current extent and scale, are requested and
shown. A GIS uses the same approach but may offer the user the possibility
of using more parameters, such as authentication, attribution, and image
resolution, as shown in Figure 50. Nevertheless, the client uses a cache to
save time requesting and loading tiles.

mapnik

mapnik is an open source map-
ping software for map rendering.
An XML is used to reference and
style the mapped objects. Possi-
ble data sources are usual vector
and raster data formats.
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5.1.2.5 Generalization

The workflow usually only contains the generalization operator selection
that omits, simplifies, and combines the data sources (Kraak and Ormeling
2010; Slocum et al. 2009). Due to the use of Natural Earth for lower zoom
levels and OpenStreetMap for higher levels, two data sources are combined;
Natural Earth is generalized for a defined scale. A gap in between is filled
by selecting features through SQL queries on the fly and their visualization.

Zoom-level adapted SQL commands exist in the project file, separated from
the styling for each map layer. The queries collect the features for the visu-
alization across three to five zoom levels, as Figure 47 shows for the land
cover for zoom levels 5 to 9. A separate part follows styling, as Figure 49
demonstrates. In generalization theory, this is a separation into model gen-
eralization (queries) and cartographic generalization (styling) (Burghardt,
Duchéne, and Mackaness 2014). The SQL is generated on the fly in a car-
tographic landscape mode suitable for limited rendering to the requested
bounding box of the renderer. This procedure is similar to the star model
of digital landscape model derivation (Kraak and Ormeling 2010, 99). In
general, the “CASE”-statement combines feature classes, while the
“WHERE”-clause applies filtering and the selection omits features. The se-
lection works with the length and area of the feature in pixels, not in the
natural area, by using a set of variables replaced at runtime through mapnik

in the query:

Ibbox!: Bounding box of tile

lzoom!: Zoom level of tile request

Iscale_denominator!: Map scale of tile request

Ipixel width!: Width of a pixel in grid units
Ipixel_height!: Height of a pixel in grid units

Note: The parameters are specific to the mapnik rendering,
but similar ones are used in other software.

The bounding box variable is always part of the query and limits the result
to requesting map extent, which is usually a meta tile. It works as a dataset
partition during processing, and only the necessary data is processed. Later
the result is cropped to the final smaller tile extent. Due to this approach,
the result looks seamless in the end, but is processed in chunks.

Another notable feature is ordering. In Figure 47, “ORDER BY” enforces
the rendering of more essential features before smaller ones to avoid over-
lapping labels. The labeling in Figure 46 is in descending order according
to population number. Thus, in this method, the city of Niirnberg is labeled
first, leaving no space for the name of the nearby city of Fiirth. This prin-
ciple of ordered plotting by attributes ensures a ranking that labels the more
critical places (Allan [2012] 2019).

30 https://github.com/mapnik/mapnik/wiki/PostGIS
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Layer:
- id: landcover-low-zoom
geometry: polygon
<< *extents
Datasource:
<<: *osm2pgsql
table: |-
(SELECT
way, way_pixels,
COALESCE (wetland, landuse, "natural"™) AS feature

"heath',

71

‘orchard') THEM landuse END)) AS landuse,

‘grassland', 'scrub') THEM "natural"™ END)) .

FROM (SELECT
way,
('landuse_' || (CASE WHEN landuse IN {'forest', 'farmland', 'residential’', 'commercial', 'retail', 'industrial’,
‘meadow', 'grass', 'village_green', 'wvineyard',
("natural_' || (CASE WHEN "natural" IN {'woocd', 'sand', 'scree', 'shingle', 'bare_rock',

('wetland_"
way_area/NULLIF (POW(!scale_denominator!*@.8081%@.28,2),8) AS way_pixels,
way_area
FROM planet_osm_polygon
WHERE (landuse IN ('forest', 'farmland', 'residential', 'commercial', 'retail', 'industrial',
‘mud', 'sand', 'scree', 'shingle', 'bare_rock', 'heath',

OR "natural" IN ('wood', 'wetland',
AND way_area > ©.81%!pixel_width!::real*!pixel_height!::real
AND building IS NULL
)} AS features
ORDER BY way_area DESC, feature
) AS landcover_low_zoom
properties:
cache-features: true
minzoom: 5

maxzoom: 9

'meadow' ,

|| (CASE WHEN "nztural™ IN {'wetland', 'mud') THEN (CASE WHEN “"natural™ IN ('mud') THEN "natural™ ELSE tags->'wetland' END) END))

'grass', 'village_green', 'vineyard', '

'grassland', 'scrub'))

Figure 47: Excerpt from project.mml showing the SQL query for land cover visualization in OpenStreetMap Carto.

Similarly, the highways are visualized to hide tunnels under all above-
ground features or merge lines through overlaying. In OpenStreetMap,
contributors digitize direction lanes separately. The lanes should be merged
at lower zoom levels because the distance gets too small. Figure 49 shows
that merging happens visually because the darker orange chasing is drawn
first; afterward, the lighter orange is used for filling. Finally, if the distance
is small enough, the lines visually merge into one line (Allan [2012] 2019;

Hormann 2018).

Adding details on demand or the ability to zoom in is a principle of Open-
StreetMapCarto for handling POIs because people are more motivated by
features they can find on the map. Essential points are already shown at
lower zoom levels with a suitable icon, while colored points indicate more
POlIs, as in Figure 48. This way, information is already indicated. The user
can explore the details on demand by zooming in and getting the specific
symbols and names, if there is enough space for labeling.

A geometry simplification is not directly part of the map style and is out-
sourced by selecting already simplified datasets, such as Natural Earth, and
a simplified version of the coastline. In the case of Natural Earth, the gen-
eralization is made manually, while the coastline process is fully automa-

tized and freely available on GitHub. *

31 https://github.com/osmcode/osmcoastline
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Figure 48: Example of details on de-
mand—the point getting symbols in
the next zoom level. For the remaining
colored POQOls, there are no symbols in
the map style. Upper shows tile zoom
level 17 and lower zoom level 18.
(Visualization OpenStreetMap Con-
tributors CC BY-SA 2.0 2022)
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[feature = 'wetland_swamp'][zoom >= 5] {
polygon-fill: @forest;
[way_pixels »>= 4] { polygon-gamma: ©.75; }
[way_pixels »= 64] { polygon-gamma: @.3; }

[feature = 'wetland_mangrove'][zoom >= 5] {
polygon-fill: @scrub;
[way_pixels »= 4] { polygon-gamma: 8.75; }
[way_pixels »>= &4] { polygon-gamma: 8.3; }

[feature = 'wetland_reedbed'][zoom >= 5] {
polygon-fill: @grass;
[way_pixels »= 4] { polygon-gamma: @.75; }
[way_pixels »= B4] { polygon-gamma: 8.3; }

[feature = 'wetland_bog'],
[feature = 'wetland_string_bog'] {
[zoom >= 5] {
polygon-¥ill: @heath;
[way_pixels == 4] { polygon-gamma: 8.75; }
[way_pixels »>= 64] { polygon-gamma: 8.3; }

Figure 49: Styling of the land cover. Text starting with “@” references a color
defined at the beginning of the file landcover.mss.
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Figure 50: Configuration possibilities for an XYZ layer in QGIS.
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5.1.3 OpenMapTiles

All OpenMapTiles code is open source and accessible via GitHub. The code
consists of two parts: a collection of tools for creating the vector tiles, and a
set of layer configurations that complete the specific tiles. It is possible to
fork and complete the layer according to individual needs. Figure 51 offers
an overview of the complete workflow with the tools and intermediate for-
mats for the creation of the vector tiles.

5.1.3.1
All different data sources are imported into a PostgreSQL database with

Data sources and storage

PostGIS tools to generate the tiles. For the non-OpenStreetMap data, tools
based on GDAL are used, while IMPOSM handles the OpenStreetMap im-
port. According to the configuration file, the software transforms the key-
value-based data into standard geodata suitable for a relational database.
This allows defining which tags should be considered in a particular geom-
etry, collected in tables with manually defined columns. There are also
functionalities for deriving more generalized layers based on imported data
and functions, which handle the z-ordering of roads. The software clusters
and indexes the data for faster access. While importing data into the data-
base, a directory is created for caching, which also works with the diff files
to identify which data need to be updated. Updates through the diffs-af-
fected tiles are collected in a separate directory.

Data from the Natural Earth® project is used at lower zoom levels to show
places and lakes along with coastline data from OpenStreetMap. As an ad-
ditional data source for the OpenMapTiles project, similar to Natural
Earth, it serves as a collection of center lines for lakes—, “osm-lakelines™,

which are precalculated for labeling them correctly.

Wikidata® is an additional source for naming places. Within Open-
StreetMap, data is often Wikidata ID saved. By joining both sources, it is
possible to offer a broader range of names for cities. That is, so far, a point
because the technology of the vector tiles allows changing labels on-de-
mand already the names are present in the tiles, as Figure 54 demonstrates.
Itis a kind of data enrichment in map production and generalization (Stan-
islawski et al. 2014, 166) for labeling and selecting cities by the label grid
method, as explained in section 4.2.1.

5.1.3.2

The creation of the tiles is PostgreSQL in combination with PostGIS in use.

Tile and style creation

While the data for a specific layer and zoom level is collected in materialized
SQL, the export follows in a separate step (Martinelli and Roth 2016). The
tiles are exported in parallel processes from the different views for all layers
by making a “UNION” and saving the result by the ST_AsMVT* function.
It encodes it and saves the result zipped on the disc. Afterward, the tiles are

32 https://www.naturalearthdata.com/

33 https://github.com/lukasmartinelli/osm-lakelines
34 https://www.wikidata.org/wiki/Wikidata:Main Page
35 https://postgis.net/docs/ST AsMVT.html
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Wikidata

Wikidata is a collaboratively cre-
ated and multilingual knowledge
graph that is part of the Wikipedia
project, available under the CCO
public domain license.

MBTiles

MBTiles is a file format for storing
map tiles in a single file. Techni-
cally, it is an SQLite database,
which serves as a container. It
stores the tile with the information
of a TilesdSON, and it can contain
raster and vector tile sets.



74 Creating multiscale maps

stored with the tileJSON in an MBTiles container to avoid the problem of
handling many small files and having too few possible filenames on a disk.
Updates of the tile are made daily according to the content of the tile expire
directory, and the recent version replaces the tile.

OpenStreetMap
Database

v

Osmosis OSM Coastline process OpenStreetMap API
’—1 A
once daily daily
v v v v
Dump (Full or Regional) Diffs Tileset file \I Coastline OpenStreetMap Editors

—T

IMPOSM

openmaptiles-tools NaturalEarth osm-lakelines WikiData
_—
PostgreSQL+PostGIS
mbtiles-tools Fonts Symbols
) v \{\ \{\
o A
tileJSON MBTile Gache fontnik spritezero-cli
— v v
Maputnik Glyphs Sprite
I_ \_/r—\
Map style
MBTiles (styleJSON)
EEErel OpenStreetMap . o
Infrastructur fiskciestol
XYZ (Raster & Vector) + WMTS (Raster) Other data source Style creation
Web mapping client
(Leaflet, OpenLayers, MapLibre) Fonts and symbols Map creation

Figure 51: Workflow for creating a multiscale map with the OpenMapTiles toolset and all necessary additions.
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The creation of a style is split due to the intermediate nature format of the
vector tiles into two steps. It starts by determining a layer's contents by cre-
ating a view in the database, which results in a layer in the vector tiles. It
has to be done first and influences the later styling by offering attributes
and processing the geometry. Styling the tiles is done with the help of the
Maputnik? editor in the Mapbox GL language. It collects the tileset's infor-
mation, offers various preview options, and directly shows changes in the
map style. It is possible to use the graphic interface, but some features need
to be directly done in a text editor. The fonts and symbols are included in
their vector-tile-specific formats called Glyphs and Sprites, which are ex-
plained under “Mapbox Vector Tiles” section.

5.1.3.3 Serving map tiles

The Tileserver gl accesses the cached tiles for delivering them and sends
them as a vector tile to the user. Part of the cache is also the tileJ]SON file
describing the tileset with its extent, zoom levels, layers, and attributes. In
addition, it is possible that the server renders the vector tiles with map style
to raster tiles and delivers them to the mapping client. There is the flexibil-
ity to deal with clients for which vector tiles cannot render or use the
WMTS standard for serving the tiles allowing more flexibility.
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Figure 54: Demo® of adjustable names through the usage of vector tiles. All
names are shown in Czech if available.

% https://maputnik.github.io/
37 https://openmaptiles.org/languages/cs/#9.05/51.0907/14.0949
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Figure 52: Vector tile examples, with
tile numbering and data using the t-
rex software viewer.

Figure 53: Vector tile examples show-
ing the data in a general style and
providing information about feature at-
tributes using the trex software
viewer.
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5.1.3.4 Viewing map tiles

How the tiles are displayed depends on the technology - raster tiles are us-
able with any web mapping client or GIS. In contrast, vector tiles are cur-
rently bound to some frameworks which allow a performant rendering,
such as Mapbox GL JS or MapLibre®. They use hardware acceleration for
rendering, which means that everything needs to split into discrete trian-
gles according to the map style for using the graphic card of the device.
Mobile devices have similar frameworks included in apps to speed up the
rendering process. OpenLayers, Leaflet, and QGIS offer support for Vector
tiles without acceleration, or the style is converted into its style format.

The tiles are merged visually for the raster tiles or with more computation
for the vector tiles to complete cut polygons, for example, in Figure 52. Nev-
ertheless, caching is used on the client’s side, and the tiles are requested
according to the viewed area and scale. Sophisticated adjustments on de-
mand are possible with JavaScript. It is also possible to adjust the viewed
style in points, e.g., changing the field used for naming features to adjust
the map style to a language, as in Figure 54. Figure 53 shows, as an example,
that it is possible to access the geometry’s attributes in vector tiles.

5.1.3.5 Generalization

Due to the explicit distinction between cartographic model generation and
visualization in the vector tiles, it is more independent because the model
is not only made for one style (Burghardt, Duchéne, and Mackaness 2014).
The vector tileset is a cartographic landscape made for each zoom level and
ready for visualization. There is also a visualization of the generalization in
the documentation, as the excerpt of Figure 55 shows. The later styling de-
pends on the attributes and is no topic here. The generalization operator
selection, omitting, and simplification are used in this workflow (Kraak and
Ormeling 2010; Slocum et al. 2009).

ne_110m_glaciated_areas_gen z0

ne_50m_antarctic_ice_shelves_polys_gen_z2

ne_50m_glaciated_areas_gen_z2
layer_landcover

20

zl

z2

23

z4

z5

z6
osm_landeover_gen_z7 27

z8

.
z10
osm_landeover_gen_z9 212

z13
osm gen_z10 _ o #lad

ne_10m_antarctic_ice_shelves_polys_gen_z5

ne_10m_glaciated_areas_gen_z5

Figure 55: Part of an ETL model for the OpenMapTiles land cover layer.

38 https://maplibre.org/
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For each zoom level and feature class, an SQL-View is created, which is later
exported and merged according to zoom level to vector tiles. The views use
other tables, which are collected together. The derivation of the lower zoom
levels sources the tables of the higher zoom levels, as Figure 58 demon-
strates. This is done by clustering [ST_ClusterDBSCAN* (Ester et al.
1996)], the selection by area according to the resolution, and filtering ac-
cording to attributes. In the examples, particular variables and functions
are in use:*’

bbox(): Variable limiting the query to the tile extent
ZRES(): A function returning the pixel resolution of that
zoom levels

Z: Returns the zoom level for the given scale

LabelGrid(): Label grid function for the selection of popu-
lated places

LineLabel(): Function which tries to estimate if a label would
fit on a line

Many of the functions were initially developed by Mapbox and are freely
available SQL functions.* The functions adjust the selection to pixel size,
not to the actual area size of the features.

The generation of the cartographic model contains elements that are simi-
lar to a ladder solution (Kraak and Ormeling 2010, 99), as Figure 55 and
Figure 56 show. Data for the next zoom level is derived from the previous
level. Nevertheless, the star solution appears in the workflow.

In general, the PostGIS functions ST_Simplify* or ST_SimplifyVW* re-
duce the vertex numbers, while ST_SnapToGrid* reduces the precision of
the coordinates to create better compression. Another generalization ap-
proach of aggregation and simplification is clustering small pieces, merging
them after expansion, and shrinking them back, as implemented in Figure
57. This is a vector version of the MapAlgebra expand and shrink approach
(Jaakkola 1998; Z. Li 2007).

Figure 54 shows an example of simplification, which is always adjusted to
the zoom levels and aims for maximum compression to reduce tile size.
When the tile is generated, ordering occurs for later rendering. This is
needed to render transportation features, such as railway lines and roads at
crossings, bridges, and tunnels; therefore, the z_order attribute is present.
Similarly, settlements are ordered according to their population to ensure
that big cities are shown before smaller ones.

3 https://postgis.net/docs/ST ClusterDBSCAN.html
40 https://github.com/openmaptiles/openmaptiles-tools/tree/master/sql

41 https://github.com/mapbox/postgis-vt-util
42 https://postgis.net/docs/ST Simplify.html
3 https://postgis.net/docs/ST_SimplifyVW.html
4 https://postgis.net/docs/ST SnapToGrid.html
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-- etldoc: simplify_ww_z8 -> simplify_ww_z7
CREATE TABLE simplify ww_z7 AS
(

SELECT subclass,
ST_MakeValid(
ST_SnapToGrid(
ST_SimplifyVW(geometry, power(zres(7),2)),
@.881)) AS geometry
FROM simplify_wvw_z8
WHERE ST_Area(geometry) > power(zres(5),2)
i
CREATE INDEX OMN simplify_ww_z7 USING GIST (geometry);

Figure 56: Table for intermediate data showing the derivation of further zoom
levels in the generalized.sqgl for land cover.

The OpenMapTiles workflow also includes enrichment for map produc-
tion as a part of the generalization (Burghardt, Duchéne, and Mackaness
2014, 166). Therefore, the data from OpenStreetMap and Wikidata are
combined, which helps close data gaps in OpenStreetMap and collect all
possible information. The massive use of the Natural Earth data set, already
generalized for a scale, is also a kind of enrichment and simplifies the pro-
cessing of the map tiles. Urban areas, borders, and places are used for the
low to middle zoom levels to create overview maps.

DROP TABLE IF EXISTS cluster_zresld;
CREATE TABLE cluster_zresld AS
(
WITH single_geom AS (
SELECT (ST_Dump(geometry)).geom AS geometry
FROM osm_landuse_polygon
WHERE landuse='residential’
)
SELECT ST_ClusterDBSCAN(geometry, eps := zres(14), minpoints := 1) over () AS cid,
geometry
FROM single_geom
)5
CREATE INDEX ON cluster_zresld USING gist(geometry);

DROP TABLE IF EXISTS cluster_zresld_union;
CREATE TABLE cluster_zresld_union AS (
SELECT ST Buffer(
ST_Union(
ST_Buffer(
ST SnapToGrid(geometry, 8.81)
, zres(14), 'join=mitre'
)
),-zres(14), 'join=mitre®
) AS geometry
FROM cluster_zresl4
GROUP BY cid
);
CREATE INDEX ON cluster_zresld union USING gist(geometry);

Figure 57: The clustering, expanding, merging, and shrinking of land use poly-
gons in the prep_landuse.sql file.
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CREATE OR REPLACE VIEW landcover_z5 AS

{
-- etldoc: ne_1@m_glaciated_areas_gen_z5 -» landcover_z5
SELECT

geometry,

subclass

FROM ne_lem_glaciated_areas_gen_z5
UNION ALL
-- etldoc: ne_l@m_antarctic_ice_shelves_polys_gen_z5 -» landcover_z5
SELECT
geometry,
subclass
FROM ne_lem_antarctic_ice_shelves_polys_gen_z5

1

Figure 58: Creation of a zoom level in the land cover layer by an SQL-View in
the landcover.sql.
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Figure 59: A general workflow for creating multiscale maps. Dashed lines and boxes are needed to produce raster tiles.



80

Creating multiscale maps

5.2 Methods of multiscale map production

This section is an abstraction of the OpenStreetMap Carto and OpenMap-
Tiles workflow to give a general overview of creating multiscale maps based
on OpenStreetMap. Figure 44 displays the workflow tools and their func-
tions for map creation. This should be seen as a sample construction kit for
a multiscale map production stack, aiming for no completeness. Figure 59
presents a general overview of the connection between the tool categories
and the steps to create raster or vector tiles.

5.2.1 OpenStreetMap tools

For any worldwide map, OpenStreetMap is a possible data source because
there is no other comparable data source available. OpenStreetMap uses its
own data concept and is not compatible with standard GIS. There are two
sophisticated tools to convert OpenStreetMap data into the usual GIS data
formats: IMPOSM and osm2pgsql, which can perform a custom model
transformation from OpenStreetMap data into a relational database. Nev-
ertheless, other tools offer limited import options, such as GDAL and
osm2pgrouting. Working with the diff files and the tile expiration is related
to map production and is too complex to be replaced by tools other than
IMPOSM and osm2pgsql. Another category of software is small helper pro-
grams, such as osmconvert or osmium, which allow pre-processing steps,
such as creating regional extracts or filters for specific tags.

5.2.2 Geoprocessing

Converting geodata into another format is a less specific task and can be
done with a variety of tools. Importing data into the database is a task in
the map production workflow. A more complex task is processing data with
algorithms to generalize. The workflow processing often happens while
creating the tiles inside the database, as shown in Figure 44 and Figure 51.
Usually, PostgreSQL, and its spatial extension PostGIS, is the tool of choice
due to their performance and extensive collection of algorithms. Generally,
this step can be summarized as geoprocessing using command line tools
and a geodatabase. A desktop GIS for some pre-processing could be con-
sidered, but it would become a bottleneck for more extensive datasets.

5.2.3 Database

In the context of map production, a database is the central data storage. The
ability to work with a large amount of data from relational databases by
design makes it the tool of choice. PostgreSQL is the only practical option
here, along with its spatial extension PostGIS. It is freely available, and there
are additional tools that build on it and its functions. PostgreSQL allows
read and write access for multiple users simultaneously, and performs even
better than the classic Shapefile (Razicka 2016). A small-scale SQLite ex-
tended to SpatiaLite could also be an option, offering similar functions but
only allowing multiple users write access. It is more common to use this as
a container for tiles created in the MBTiles format, which solves disk space
limitations and allows a simple exchange of tiles.
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Table 6: Example of open source software for creating multiscale maps. Whether or not the tool is suitable for a
toolchain “stack” of raster or vector tiles is noted.

Stack Possible tasks in the stack

OSM tool
Geoprocessing
Database

Map design

Web mapping client

Raster tiles
Vektor tiles

Render
Cache

Tool name

x

Carto

Fresco

GDAL
GeoServer
GeoWebCache
IMPOSM
Kosmtik

<

x
x

X | X [X | X |X

X [ X [X [X |X
x

x
x

Leaflet
magnacarto
Mapbox GL JS
Maperitive
MapLibre
Mapnik
MapProxy
MapServer

Maputnik

Mapzen Tanagram
mod_tile
OpenlLayers
OpenMapSurfer
osm2pgsql
osmium

XX |IX X |X | X | X |X

x
x

XX X X [X X X [X [ X |X |[X [X |X |X [X [X |X

Osmosis

pg_tileserv

Planetiler
PostgreSQL/PostGIS
QGIS| x

Spatialite

Tegola

Tilemaker

TileMill

Tileserver gl

X O [X X [X [X [X [X [X [X [X
x
X | X [X [X

x
X [ X X X
x

Tilestache | x | x X
tippecanoe X X
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5.2.4 Creating tiles

To create map tiles, the chosen technology is essential. In the case of raster
tiles, the map style is applied to the data and the result is saved in an image
format cut to a specific extent. mapnik is the tool of choice for worldwide
maps because of its performance, but MapServer, QGIS, and GeoServer
also offer similar functions. The type of tool used depends on the scope of
the project and the developer’s skills.

Vector tiles are somewhat different. For the map rendering, the necessary
data and attributes are stored in a particular format—usually MVT—and
saved in the cache for later serving. A tool for creating vector tiles is less a
render than a file format converter, configured only to include the neces-
sary information and the geometric accuracy to reduce the file size. Possible
tools are t-rex, Tegola, and pg_tileserv.

Usually, all of these tools use the database for various geoprocessing func-
tions, to implement generalization, and to generate the tile, including the
vector tiles themselves. It is also possible to work without a database, as
described in the “Stackless approach for tile creation” section.

5.2.5 Caching

It is essential to buffer the data for the massive use of the multiscale map by
many users. User studies indicate that users expect a result from an action,
e.g., zooming or panning a map, within 0.1 to 1 second (Nah 2004). Com-
bined with data updates, caching is a delicate task requiring particular soft-
ware. The cache must contain frequently requested map tiles showing the
most recent data in the database. The most elaborate function offers the
Apache extension mod_tile, which can control the updating process of
cached tiles. MapProxy offers a similar function for many standards and
caches. If only caching is needed, there are more tools available, like the
GeoWebCache or Tilestache. There is also a wide range of solutions for
saving the tiles on a disk. MapProxy’s documentation® offers a good over-
view of the different approaches.

5.2.6 Styling tiles

In raster-based map production, styling is not only a description of how the
data is visualized; it is also a generalization by selecting features and ren-
dering them. In the case of vector tiles, the tileset configuration is inde-
pendent of the later applied map style but limits the visualization possibil-
ities of the generated vector tiles.

Various software solutions are available for styling. For raster tiles, TileMill,
Kosmetik, and magnacarto are options. It is possible to adjust queries for
the data processing and the styling in the same software. In the case of vec-
tor tiles, this is split into two parts. Tile creation is a separate subject, and
editors such as Maputnik only allow activating the style or not based on the
included tiles and their attributes.

4 https://mapproxy.org/docs/latest/caches.html
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5.2.7 Viewing tiles

Finally, a viewer is needed to puzzle the tiles together to create a seamless
map. In general, all viewers work well with raster tiles—there is no need for
further specifications, and the raster image tiles are loaded according to the
visible extent and scale.

For vector tiles, loading the tiles is a simple task; rendering and applying
the map style is complicated and needs many resources. Therefore, only a
few tools are well suited: Mapbox GL ]S and MapLibe, its free fork. Vector
tiles need hardware acceleration to work fast enough in a browser. Leaflet
and OpenLayer do not have this acceleration and suffer from various weak-
nesses, which limits practical use.

5.2.8 The stackless approach to tile creation

In addition to the complex workflow involving multiple tools to create tiles,
a so-called “stackless approach” exists. In this case, the tiles are created di-
rectly with one program from the data source file without using a sophisti-
cated schema transformation, database storage, or an advanced caching
mechanism that allows updating single tiles. Only complete data sets are
converted into tiles. The tiles are created to be directly served or stored for
later distribution, according to the tool’s configuration. The approach is
simple because only one configuration is needed, which allows more paral-
lelization and leads to improved performance. Possible tools for directly
creating tiles with the stackless approach are t-rex, Planetiler, tilemaker,
and tippecanoe, which fit in the toolchain in Figure 60 from Table 6.

Map design tool

v

Tileset defention OpenStreetMap dump Geodata
Tile creator
OpenStreetMap L

Infrastructur

Map style
Other data source

Tile cache

Tile creation ﬁ”/

Caching software
(with web server)

N v

Web mapping client

o

Map

i

Style creation

Map creation

Figure 60: General workflow for the stackless creation of map tiles.
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Stack

A (software) stack is a set of soft-
ware subsystems or components
needed to create a complete so-
lution to provide a service, plat-
form, or product.



84

Example online

The result of the described exam-
ple is available online under the
following URL, also encoded in
the QR code: https://mathias-
groebe.de/demo/raster-
demo.html

MapProxy

MapProxy is an open source soft-
ware for mixing, caching, and til-
ing geoweb services. As a proxy,
it can accelerate existing geospa-
tial services by pre-generating
and caching data. Another use
case is converting other service
types (for example, WMS to TMS)
or combing services.

Creating multiscale maps

In the Planetiler and tilemaker workflow, no tool for bringing the Open-
StreetMap data into a relational data model is required. Input is only raw
data OpenStreetMap and from NaturalEarth for lower zoom levels. The
output of these tools is vector tiles. Planetiler and tilemaker produce tiles
according to the OpenMapTiles schema by default, which allows using the
same map styles but is still limited due to technical reasons from zoom
levels 0 to 14. The result is a vector tile set that acts as a general multiscale
cartographic model created by different tools. When examined in detail,
there are differences in the data due to the implementation but not the
schema. The result is a dataset that can be used with every style designed

for the OpenMapTiles data mode.

It would be, for example, possible to create raster and vector tiles with
QGIS, which can directly read OpenStreetMap dumps. However, this

would only work in a small area due to the lack of performance.

5.3 Example workflows for creating multiscale
maps

This section will implement the proposed generic workflow to produce

multiscale maps by applying the two newly developed approaches of micro

diagrams and discrete isolation. The discussion will focus on two aspects:

vector tiles as a non-standardized solution and raster tiles using the OGC

service as the technology foundation for implementation.

5.8.1 Raster tiles: OGC services and micro diagrams
Implementing the micro diagram as a multiscale map in QGIS is the first
choice—it can build diagram visualization, create a WMS or WMTS from
a project, and implement OGC-certified standards (QGIS 2022). Creating
diagrams in web mapping clients is more complicated, so raster tiles are the
first choice there. In order to have a complete example of a map production
workflow, caching software will be part of the stack for more caching op-
tions and better performance.

Figure 61 shows the micro diagram implementation on multiple scales us-
ing free software and the previously created terminologies. It starts with
importing the captured tweets from a CSV file and some layers to Post-
greSQL with the PostGIS extension, using the GDAL library’s ogr2ogr tool.
The NaturalEarth data is used to create a customized reference map. SQL
queries transform the data to create the micro diagram and the required
raster layers ready for rendering with QGIS.
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Figure 61: Implementing micro diagrams as a visualization service on multiple
zoom levels with caching.

QGIS visualizes the geodata from the database and offers tools for creating
styles and layers, as in Figure A84. A diagram visualization makes the micro
diagrams, and the point map is made by adjusting the point symbols. A
QGIS project file is made available as a WMS by fulfilling some basic rules,
such as naming the layers and transferring them to a QGIS server installa-
tion. All layers will be made available as WMS layers in pre-defined coor-
dinate systems like WMS and WMTS. Figure 63 shows the service end-
points of the MapProxy software, and Figure A85 and Figure A87 show
their configuration. The MapProxy software is combined with the QGIS
server by caching the layer for better performance. Due to the cache, not
every map request leads to a new data rendering; only in the event of miss-
ing information will MapProxy request a rendering of the extent by the
QGIS server. On the front end, Leaflet offers a library. It is possible to use
the interface on every browser with no additional software.
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The demonstration works similarly in other examples on three scales for
Western Europe for English, German, French, and Dutch in Figure 12 and
Figure 15. The user can choose different visualization—the point map, the
micro diagram map, or the OpenStreetMap Carto style—as reference in-
formation, as Figure 62 shows. The extent is variable and allows the user to
focus on different regions that can be explored. Figure A86 shows the
source code of the viewer referencing the MapProxy services.

5.8.2 Vector tiles: Slippy map and vector tiles

From the flexibility of the vector tiles, it is possible to demonstrate discrete
isolation very well. Storing more points in the tiles and adjusting the density
of points in the StyleJ]SON by filtering after minimum discrete isolation of-
fers excellent options for a designer. The possibility of interactive adjust-
ment makes vector tiles more suitable for demonstration. The workflow for
the demonstration uses non-standardized, but open, APIs. Thus, it is a
complementation of the no-interactive example.
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Figure 64: Workflow for creating vector tiles demonstrating the discrete isolation approach.
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The workflow starts with a dump from the OpenStreetMap database, fil-
tered for the place tags to reduce the amount of data for further processing
steps. Then, the workflow follows the import into the PostgreSQL database
with PostGIS extension, using the osm2pgsql tool according to pre-defined
mapping, and storing the key-value-based OpenStreetMap data in a rela-
tional database, according to the configuration shown in Figure A78. Next,
data processing calculates discrete isolation as a query. In addition, Natural
Earth layers are imported by the ogr2ogr tool from the GDAL library into
the database, as shown in Figure A77.

For the creation of the tiles, a t-rex software configuration is needed. Using
t-rex makes it possible to test the configuration, which consists of basic def-
initions of the tileset and the SQL queries to create the zoom level content
for the different layers inside the tiles. Figure A79 and Figure A80 show
some examples from the configuration file. In this step, the Maputnik edi-
tor can be utilized to create tile styling. t-rex generates the finished config-
uration to create the tiles and store them in a standard folder hierarchy on
a disk—afterward, the mb-utli imports the tiles into an SQLite database,
forming an MBTiles file.
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DATA

identifier: multi-scale-demo | type: vector data

services: Tile]SON

Figure 65: The landing page of the TileServerGL offers an overview of served
styles and vector tiles.
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Finally, the MBTiles, the glyphs serving as fonts, and the styles are distrib-
uted by the TileServer GL. A landing page previews the different styles and
data, as in Figure 65. It is possible to view the styles as vector and raster
tiles. Figure 66 shows the rendering, which happens when the “Viewer”
button is clicked. Using the vector or raster tiles by the defined WMTS or
XYZ API is also possible in other applications. The rendering Map Libre is
in use, applying the style to the vector tiles or requesting the raster tiles to
create the map view in a browser.
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Figure 66: Example of a vector tile service using discrete isolation.

The three styles in Figure 65 use the same data by adjusting the options for
rendering. It would be possible to create other styles by editing the
styleJSON with a text editor. Nevertheless, the hosting is only needed to
preview and serve the vector tiles. Only a web browser is necessary for view-
ing by the associated rendering library. The code behind the visualizations
is shown in Figure A81, Figure A82 and Figure A83.
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5.4 Discussion of approaches and workflows

After describing, abstracting, and applying the workflows to multiscale
map production, they will be placed into the context of map production
and compared with each other. The intention is not to compare the ad-
vantages and disadvantages of raster and vector tiles as such. Instead, it is
examined in which situation the application of raster or vector tiles tech-
nology makes sense. Furthermore, the role of VGI and the open source map
production approach will be reviewed.

5.4.1 Map production as a rendering pipeline

Generally, the creation of a map is the application of the visualization pipe-
line (Haber and McNabb 1990; Schumann and Miiller 2000; Hauser and
Schumann 2009) from the field of computer graphics. Starting with data
and, in the end, delivering a map as an image is always the path of digital
map production. According to Figure 67, the pipeline facilitates filtering,
mapping, and rendering to convert data into the final image.

e

Filtering Schema transformation

/ Derived data / /Postgres/PoslGIS/ Data sources

v v

Generalization and
Mapping application of tile
schema and style

v v

Map creation
Abstract s
visualization object

Rendering Rendering

Figure 68: Visualization pipeline with intermediate data, applied in the context of
the previously created multiscale map production workflow. Also, compare the
coloring with Figure 41, Figure 51, and Figure 60.

Tile and style creation

The map production process as a specific implementation starts with input
data, e.g., from OpenStreetMap, followed by filtering. In the example, it is
more a schema transformation from the key-value model than filtering.

The data in between general procedures filtering, mapping and rendering
are called intermediate or derived data (Haber and McNabb 1990; Hauser
and Schumann 2009), as found in Figure 68.
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Nevertheless, the data is filtered, removing unnecessary attributes and ge-
ometries during this processing stage. In the PostgreSQL database, the data
exits as a derived data model adjusted to the rendering purposes of the data
source. In general, mapping a tile creation schema for vector tiles or the
styling information for raster tiles are models for a data schema transfor-
mation. In any case, tiles result from the mapping and can be seen as ab-
stract objects. For vector tiles, this is much more abstract than for raster
tiles because it is already a rendered image. However, a tile by itself has no
image or map, making it more of an intermediate product than a ready-to-
use map. For the vector tiles, the mapping is also repeated by applying the
style file, which leads to the rendering of the map.

It is difficult to distinguish between different tasks in the map production
workflows, according to the visualization pipeline and tools are shown in
Table 6, because many programs have bundled functions in addition to
specific tasks. For example, QGIS can perform all the tasks inside the visu-
alization pipeline in the tile production workflow. Nevertheless, while it is
convenient to work with QGIS, as it does not need specialized skills like
mapnik or osm2pgsql, it is, however, not so efficient in performance and
flexibility when performing those specific tasks. The mapnik renderer has
a better rendering performance than QGIS, and for the schema transfor-
mation form, the OSM to relation database offers osm2pgsql more op-
tions. It makes sense to opt for more specialized tools for such a perfor-
mance-sensitive workflow as global multiscale map production than just

focusing on one software.

In general, it is possible to match the categories OSM tool, geoprocessing,
database, renderer, cache, map design, and client from Table 6 and its ap-
plication in Figure 44, Figure 51, Figure 59, and Figure 60 with the visuali-
zation pipeline steps. The OSM tools, geoprocessing, and database is re-
sponsible for filtering and storing the data for visualization creation. Last,
combined with the map design, the renderer implements the mapping by
generating abstract visualization through tile creation. In contrast, the
web mapping client performs the rendering from the visualization pipe-
line. The cache in the workflow acts as a puffer for the visualization to

speed up the process, similar to the derived database.

91



92

Creating multiscale maps

5.4.2 Comparison of OpenStreetMap Carto and
OpenMapTiles

The multiscale maps based on the OpenStreetMap Carto style and the
OpenMapTiles are likely to be the most used open source map styles based
on OpenStreetMap data. Overall, the result is similar for the user: a detailed
world map. However, there are more differences than just the technological
approach between raster and vector tiling. The following discussion exam-
ines their similarities and differences and the reasons behind them.

Both map styles are open workflows, making it possible to fork and extend
the projects to meet new needs. They also offer insights into map-making
technologies that are otherwise not described. The details are hardly under-
standable for people who are unfamiliar with the tools and technologies.
However, it is accessible as a package for unfamiliar map production users
because all the main steps are automated. People familiar with the current
technologies can clone the Git repositories and have a running tile service
for a small demo area in minutes.

The different purposes of the projects lead to different implementations. A
good example is how both services implement updates with different fre-
quencies. OpenStreetMap Carto allows updates minutely, while OpenMap-
Tiles aims for daily updates. It is possible to adjust this behavior, but there
is a reason for the longer interval; OpenMapTiles is considered a map ser-
vice for end users, while OpenStreetMap Carto is a community map that
displays as many details as possible, as accurately as possible. It is more mo-
tivating for the contributors to OpenStreetMap to see their changes and the
results of their work within minutes rather than days. Additionally, the fre-
quent updates allow the rendering of visual checks of the mapping. Never-
theless, the names themselves communicate this behavior—OpenMapTiles
references the “open map” from OpenStreetMap.

Accordingly, OpenStreetMap Carto is a community map, whereas
OpenMapTiles aims to be a Google Maps pendant, showing only essential
data, allowing adjustments to the naming, and enabling rotating labeling.
Similarly, development is more community-driven for OpenStreetMap
than for the MapTiler company* or the OpenMapTiles community. The
project developed further based on a bachelor’s thesis (Martinelli and Roth,
2016), creating tiles compatible with a Mapbox tiling schema. Starting as
“osm2vectoriles,” it was later adjusted to have its own data schema after
copyright claims from Mapbox (“Move to OSM2VT-Developed Cartog-
raphy - Issue #387 - Osm2vectortiles/Osm2vectortiles” 2016). Finally, the
OpenMapTiles schema is also used by the free and open source software
Planetiler and tilemaker, using the stackless approach for a limited zoom
range. It will be interesting to see how future map production will de-
velop—straightforward as the stackless approach or more complex as the
proposed general workflow for better results.

46 https://www.maptiler.com
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Figure 69: Bundled vector tiles offered from MapTiler (taken on 2022-06-12).

MapTiler offers paid, ready-to-use data downloads, as in Figure 69, and
hosting similar to Mapbox and other companies. It is an option for the user
who does not have the skills to reproduce the result using the open work-
flows. Nevertheless, customers can still adjust the map style to their needs,
thanks to the flexibility of the vector tiles. Exploring the workflows is com-
plex, less documented, and abstracted from the code itself. For now, map
production on a worldwide scale and on multiple scales is still a sophisti-
cated task. It requires an expert in GIS, cartography, and informatics to deal
with all the particular approaches: parallelization, special software, expen-
sive hardware, and knowledge about how to stack everything together. As
a result, fewer people can make maps for the world, but everyone can con-
tribute by improving the VGI project OpenStreetMap.

5.4.3 Discussion of the implementations

In order to apply the derived workflows from OpenStreetMap Carto and
OpenMapTiles, the micro diagrams and discrete isolation were imple-
mented with the tools from Table 6. The implementation details and deci-
sions are bound to the technology choices and standards. The discussion
combines this work with more general facts to work out the technical ap-
proaches of vector and raster tiles.

5.4.3.1 Raster approach

The main reason for implementing the micro diagrams with raster technol-
ogy is that there is no vector tile renderer for diagrams. The possibilities for
rendering diagrams on maps depend on the software used, which makes
rendering with software and sharing only the rendered data a promising
approach, in combination with raster tiling technology.
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The result is a rendered dataset with one style that allows no adjustments
but creates a straightforward workflow from Figure 60: QGIS, with its GUI,
which allows the configuration of the style and the service. The data stored
in a database is not necessary but enables excellent performance and pre-
vents problems with multiple users accessing the data source simultane-
ously. The QGIS server makes the rendered data accessible by known and
widely used standards, WMS and WMTS. Besides setting up the software,
there is no need for more profound knowledge. Caching with MapProxy
improves performance and allows the usage of other APIs, such as TMS
and XYZ. Nevertheless, a simple webspace could also host if standards are
not relevant and tile creation is done with QGIS tools.

5.4.3.2 Vector approach

Demonstrating the flexibility of discrete isolation, the pre-calculated selec-
tion measures of vector tiles are more suitable than raster approaches. With
the possibility of creating multiple styles from one dataset, the discrete iso-
lation value can be used to create an adjusted information density, as the
different styles associated with one vector tile dataset in Figure 65 shows. It
allows the fine-tuning of information density by providing parameters to
the map designer.

Overall, the complex workflow from Figure 51 requires experience to set
up and work with it. The configuration is mainly done with text files. The
Maputnik editor has a graphic interface only for the styling part. In addi-
tion, there are more configuration options and more things to host, such as
the fonts and the mbtiles. Creating and rendering the vector takes time and
requires sophisticated graphic acceleration software. Currently, desktop
GIS, e.g., QGIS, can display vector tiles directly but need to convert the style
for their rendering engine, resulting in a slightly different visualization.*”

Render library standards restrict the styling possibilities, so implementing
the micro diagrams is not possible, which is not very flexible. Otherwise,
demonstrating discrete isolation with raster technologies would require
several layers and rendering. It is still a de facto standard until the OGC*
finishes work on their specifications.

5.4.3.3 Juxtaposing

The contradiction between the established but not yet standardized vector
tiles will be examined in more detail by comparing them with the raster
tiles. Table 7 provides a comprehensive list of raster and vector tile features.
As stated in the previous paragraphs, raster tiles only allow one style per
tile set, while many styles are possible with vector tiles. In consequence, a
raster approach requires more disk storage to display different styles com-
pared to a vector approach. By comparison, raster tile creation is more

47 https://docs.qgis.org/3.22/en/docs/user manual/working with vec-

tor_tiles/vector tiles properties.html (accessed 2022-11-06)

8 https://github.com/opengeospatial/ogcapi-tiles
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straightforward than vector tile creation. Many GIS can style vector data
and export it as raster images, which can be cut into tiles.

For vector tiles, the first step is the creation of the tiles. Afterward, a suitable
style needs to be designed with more complex tools, as the demonstrated
implementation shows. Also, the visualization possibilities are limited due
to the available functions of the renderers and style features from the Map-
Box GL style specifications. There is a need for open standardization im-
provements that are not driven by the needs and work of big companies as
they are currently.

Table 7: Juxtaposing raster and vector tiles.

Vector tiles
One tile set, many styles
More complex creation
Rendering with special software

Raster tiles
One tile set, one style
Simple creation
Rendering with GIS software

Very flexible styling
Multiple open standards
High information density
per tile possible

Limited styling

Standard created by one company
Information density limited

by visualization and rendering re-
sources

Need less storage capacity

Allow access to geometry

Need lots of storage capacity
Hide original data

and attributes

The often-mentioned statement that vector tiles save a great deal of storage
space compared to raster tiles does not consider information density. Fig-
ure 70 demonstrates the different behaviors. The vector tile map provides
fewer details and information than the raster tiles. In this example, the re-
duction of storage also means the loss of information. A related point in
this juxtaposing; raster tiles allow no access to the data behind the attributes
and geometries. Vector tiles contain inaccurate geometric information, but
extracting and re-using the provided data is much easier than digitalization
from raster data.

5.4.4 Generalization in map production workflows
Different examples of generalization in multiscale map production were
part of this project's exploration. The discussion aims to place those ap-
proaches into the framework of the literature for generalization, explaining
which generalization operators are in use and the different stages of gener-
alization in the workflows.

Klammer and Burghardt conducted a similar case study (Burghardt,
Duchéne, and Mackaness 2014, 139) focused on comparing Open-
StreetMap’s different generalization models to the workflow of national
mapping agencies and how their models are defined. The following are the
applied techniques and algorithms of the exploration and discussion.
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5.4.41 Stages of generalization multiscale production workflows
The generalization process has different stages, which can be described as
object generalization, model generalization, and cartographic generaliza-
tion (Griinreich 1992; Burghardt, Duchéne, and Mackaness 2014, 140). Fig-
ure 71 matches the generalization types to the described workflow for
OpenStreetMap. Object generalization happens when. An object is digital-
ized according to a data model. In the case of OpenStreetMap, the contrib-
utor captures real-world features with the help of an OpenStreetMap editor
and stores them in the database.

Map production needs an adjusted, GIS-based data model created inside a
rendering database using specialized schema transformation tools. This is
where model generalization happens; depending on the configuration of
the OSM tools, the output can differ. The rendering database content is be-
tween the initial data model for data capture and the cartographic model.
It is optimized for data processing, storage, and fast access but not opti-
mized for the final rendering. There is always an additional transformation
before the rendering happens.

In the case of raster tiles, what follows is a combination of model and car-
tographic generalization. Spatial SQL queries and matching symbols to the
data from the renderer configuration further adjust the data model. This is
a precise combination of model and cartographic generalization. In this
case, no cartographic model exists; it is immediately rendered into an image
and can be kept separate because the style is separated from the queries.
The queries primarily concern model generalization, while the styling, in
some ways, is aimed at cartographic generalization by visually ordering and
merging the objects. The labeling is much clearer, a part of the cartographic
generalization, and the mapnik render allows different label positions to be
tried out in order to choose the best one.

In contrast, creating vector tiles is more like model generalization because
itis not bound to the final map style. Nevertheless, some implications make
the process a somewhat cartographic generalization. Only a reduced set of
attributes are available, and displacement is only possible during tile crea-
tion when features for the zoom levels are selected. The vector tile set is a
dataset made only for rendering, challenging for other usage. According to
this limitation, it can be called a cartographic model. The map style is finally
applied to the client, leaving space for further adjustments, e.g., which fea-
tures are shown and drawn in what order also falls under generalization a
bit but more like rendering, applying the map style to the data. Here as well,
the labeling is a good example. In vector tiles, labels can only be placed or
not placed according to prioritization values—there is no possibility of try-
ing different positions. By saving a separate data model, there is a clear bor-
der between data transformation and styling.
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Both cases have a fluid boundary between cartographic and model gener-
alizations. However, a cartographic model exists for vector tiles, made for
rendering independent of the map style. The vector tiles also have some
implications for the map style, reducing the attributes and preparing things
for styling. The typical cartographic generalization operation does not hap-
pen in these workflows, as Figure 59 shows, not like in the three-stage
Griinreich model, which does not fit well here (Griinreich 1992).
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Model generalisation \T/
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Figure 71: Showing the different stages of generalization in multiscale map production using OpenStreetMap for raster
and vector tiles with exemplary software.
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Finally, only the map is viewable for raster and vector tiles at the client level.
At this point, the tiles are merged into a viewable map. The tiles in the
caches are in an intermediate technical format, which has no implications
for generalization. They are utilized as a partitioning unit for processing the
data, allowing parallelization when the tiles are generated. It is a kind of
quadtree, which is also discussed in the literature (Touya et al. 2017).

5.4.4.2 Generalization operators in use

A set of generalization operators in the literature allows the derivation of
smaller-scale map data from larger-scale map data on a theoretical basis.
Table 8 originally compares commercial software and the different imple-
mentation algorithms challenges (Burghardt, Duchéne, and Mackaness
2014, 164). Here the table is a bit simplified according to the needs of the
workflows. The table summarizes explorations made in the Open-
StreetMap Carto and OpenMapTiles projects on a higher level of abstrac-
tion and shows which generalization operators are missing. Processing
means that that action occurs during the model generalization while ren-
dering means that the operation happens during the data rendering and
may only exist visually for the map viewer.

Line and area simplification happen in both projects. Here, the Douglas-
Peucker (Douglas and Peucker 1973) and the Visvalingam-Whyatt (Vis-
valingam and Whyatt 1992) algorithms are used with PostGIS. The
ST_SnapToGrid* function reduces coordinate precision for the vector
tiles. Line smoothing is only done by mapnik render and used by Open-
StreetMap Carto. OpenMapTiles does not use this type of feature because
it would increase tile size.

Line merging is used in both projects during processing and rendering. Fig-
ure 45 shows an example of the visual merging of lines, which is simple,
effective, and saves processing time. For labeling reasons, lines with the
same names are often stitched together to avoid unnecessarily repeated la-
bels. Another use case is the generalization of lower zoom levels of lines
when they consist of many short pieces. The lines are first merged and, af-
terward, simplified to avoid the creation of gaps.

Aggregation is also part of both projects and is implemented in the model
generalization. This action makes sense for merging object classes before
styling, reducing the number of map style rules. The features are collected
using the WHERE and CASE functions of PostgreSQL. Geometrically, it
would be possible to do a ST_Union* with PostGIS, but only OpenMap-
Tiles uses it in combination with ST_ClusterDBSCAN®'. Often, this would
take much more time due to the need to resolve boundaries. It finally hap-
pens visually by applying the same style to the features.

4 https://postgis.net/docs/ST SnapToGrid.html
50 https://postgis.net/docs/ST Union.html
5! https://postgis.net/docs/ST ClusterDBSCAN.html
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Collapse and typification are connected due to similar effects if one object
is replaced by an abstract symbolization. There is no typification where one
object stands for multiple items. Polygons are often collapsed to points for
labeling using the ST_PointOnSurface® function to ensure that the point is
inside the polygon. POIs are often typified as points because they can be
mapped as points, lines, or areas in OpenStreetMap. Figure 48 is an exam-
ple of this behavior—the color typifies the POI into categories, and the ge-
ometries are collapsed into points.

Finally, there are a number of operators missing in the described workflows
and other map production software. Line exaggeration seems unnecessary
in the workflow but would be possible with a simple buffer and similar area
enhancement. Network simplification, neighborhood detection, and dis-
placement are not in use because they are complex computations, which
would not fit into the quick update policy of the projects and not be imple-
mented in the used tools. The fact that those operations do not happen in
multiscale production is a technical limitation.

Table 8: Overview of applied generalization operators within OpenStreetMap Carto and OpenMapTiles

Generalization operators or OpenStreetMap Carto OpenMapTiles
algorithms Processing Rendering Processing Rendering
Line simplification X

Line smoothing X

Line exaggeration

Line merging X X X X
Area simplification X

Area enhancement

Aggregation X X

Collapse X X

Typification X X

Network simplification

Neighborhood detection

Displacement

Nevertheless, one principle from the literature is missing in Table 8: selec-
tion or refinement. (Hake, Griinreich, and Meng 2002; Slocum et al. 2009,
102; Kraak and Ormeling 2010, 101). It might also be the most used one:
Selecting features by their attribute is possible in every GIS, is easy to im-
plement, and is an effective solution for reducing the number of features. It
is the essential generalization operator in the reviewed multiscale map pro-
duction workflows. The model transformation based on those operations
and rendering by rules always utilizes this principle, selecting appropriate
data for the zoom level according to attributes. It is often mixed with sym-
bolization, as in Figure 49 and Figure 47, especially for raster tiles. Figure
58 and Figure 56 show a clean model transformation for vector tiles. Both
tile production workflows use a simple principle: painter’s algorithm

52 https://postgis.net/docs/ST PointOnSurface.html
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(Hughes 2014; Wikipedia 2022), which highlights that drawing order mat-
ters. Object rendering happens in a specific order, placing layers and their
objects over each other. It is implemented in rendering software such as
mapnik, MapLibre GL ]S, and others (“MapDesign - Mapnik/Mapnik
Wiki” n.d.). The effects are shown in Figure 72 by drawing the layers in an
appropriate order so the rivers and lakes do not need special preprocessing.
Using this approach saves processing time and simplifies data handling be-
cause these lines do not always exist, as the water area in the lower right
corner shows. Overall it is a variation of the already explored concept of
drawing essential things first. In this example, the more important objects
overlay the less important ones.

5.4.4.3 Summary of generalization in the workflows

After closely reviewing the workflow, it can be stated that the theory of car-
tographic generalization is applicable. The ladder and star solution for data
derivation is presented. The object, model, and cartographic generalization
steps are present but not as straightforward as in the national mapping
agency workflows. There is always a logical separation between style and
data transformation, but it can be a part of the style file for raster tiles. Nev-
ertheless, it is not identical to cartographic and model generalization.

OpenMapTiles uses more generalization approaches. It could be due to the
need to reduce vector tile size and the fact that the render does not have as
many options for rendering as mapnik. Each project uses helper functions,
which are adjusted to the Mercator projection’s properties, referencing the
pixel size, not the natural size, of features. The displacement operator is
missing in both workflows; all other operators are present in some way. The
reason for this behavior is the complex displacement process, which needs
much more computation power and is not present in the used tools.
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Figure 72: Demonstration of painter’s algorithms in map production. The drawing order hides some features, such as the
line geometry under the water area. Similarly, the labeling covers all other map features. Both images show the same
area with different rendering. Example is from the meinGrin style using the data rendering of the tileserver gl. Data
OpenStreetMap contributors 2021.
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5.4.5 Conclusions

In 2017, there was less VGI influence on map production (Olteanu-Rai-
mond et al. 2017; Ronneberg, Laakso, and Sarjakoski 2019); Open-
StreetMap was only considered a source for the identification, interpreta-
tion, and analysis of its own data or missing national mapping agency data.
The reasons for this seem to be mainly legal. Things change over time, and
users asked German authorities asked for a multiscale map comparable to
Google Maps and OpenStreetMap, developed from official data in Ger-
many (Kunz 2018b). The result was the TopPlus Open Project (Kunz and
Bobrich 2019), mixing official open data and OpenStreetMap data to close
gaps or, ironically, to replace official data, which is not allowed to be used
due to legal issues (Kunz 2018b). The work continues with the SmartMap-
ping project and the use of vector tiles (Seifert 2021). So far, developing
multiscale maps is now an essential topic for national mapping agencies.

The example of OpenStreetMap and its different multiscale maps shows
what is possible by rethinking current map production. It triggers the need
for further developments in map production and generalization in the na-
tional mapping agencies in combination with the work of big commercial
map providers. The developed workflows for raster- and vector-based
mapping should simplify the transfer of gained knowledge.

There is always a set of steps for creating a worldwide multiscale map. First,
the source data is imported into a relational database, and the data model
is adjusted and optimized for rendering. Afterward, the tiles are derived by
applying the map style for raster tiles. An intermediate data cartographic
landscape model exists for vector tiles before applying the style. The gener-
alization happens on the fly, while tiles are created using SQL queries or by
selecting datasets appropriate for the aimed scale. The tiles are pre-pro-
cessed, saved in caches for fast delivery, and sent on demand to the client.
A software library merges the tiles and shows the map to the user. There is
also an uprising stackless approach, which directly creates the tiles from the
source data and avoids the intermediate rendering database. This is speedy
and easy to use but limits the use of tools.

Currently, most OpenStreetMap plans are made using the more compre-
hensive traditional workflow, which is easier to adapt. For example, in Ger-
many, the workflows for national mapping agencies would look quite sim-
ilar. Instead of OSM tools, such as IMPOSM or osm2pgsql, a tool for con-
verting the particular NAS format (Wikipedia 2020) is needed to make the
official geodata ready for GIS-based workflows. Similarly, there is a need
for other European countries, such as the Netherlands, Norway, and the
Czech Republic, to go the same way with their data formats, which are im-
plemented in the GDAL library (GDAL 2022b).

OpenStreetMap and its ecosystem are also highly interesting for research-
ers who use the data but are also exploring the effects of the contributor
and developer community. Some topics include humanitarian mapping for
disaster events (Auer et al. 2018), analyzing the mapping and changes (Rai-
fer, Martin et al. 2021), or supporting disabled persons (Mobasheri et al.

101

Workflow for worldwide map
production

Currently, most worldwide web
maps made with OpenStreetMap
use the following workflow. The
source data is imported into a re-
lational database, and the data
model is adjusted and optimized
for rendering. Afterward, the tiles
are derived by applying the map
style for raster tiles or a vector tile
model. Generalization happens
on the fly, while tiles are created
using SQL queries or by selecting
datasets appropriate for the target
scale. The tiles are pre-processed
for fast delivery and sent on de-
mand to the user.

Stackless approach

In the future, the stackless ap-
proach for multiscale map crea-
tion is the most promising, due to
its simplicity and excellent perfor-
mance.
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2017). However, to date, there is no visible scientific output exploring car-
tographic development created by the project. There is a link missing be-
tween cartographers, cartographic literature, and people who do map pro-
duction. The manuscript aims to close this gap by explaining the workflows
and describing the generalization approaches.

There are new perspectives, such as vector tiles as digital multiscale carto-
graphic models with open schema implementation using different soft-
ware. The resulting possibilities should be explored, and an exchange be-
tween the cartographic community, the developers of multiscale maps, and
VGI contributors should be established to further improve map quality.
This new technology’s cartographic implication has already been explored
and discussed in a master’s thesis (Beukelaar 2018) and draws a similar con-
clusion. The topic is also already in discussion in the German, Dutch, and
Swiss national mapping agencies (Beukelaar 2018; Seifert 2021; Pippig et al.
2022). The technology’s development was driven by companies like Google
and Mapbox, starting with raster tiles and moving to vector tiles. However,
without VGI, these companies would not be able to earn money and also
provide services and software for free in exchange. Whether there is a bal-
ance between contributors and companies is another discussion.

Raster tile technology allows map creation and viewing with simple tools
combined with high information density. There is no limitation to the vis-
ualization possibilities other than the chosen renderer. In contrast, vector
tiles need a particular renderer with limited features. Nevertheless, vector
tiles are handy for mobile devices, and it is worth investing more resources
in their creation and rendering compared to raster tiles. Currently, both
technologies have advantages and are widely used. Further vector tile de-
velopment will allow more visualization flexibility and easier tile creation.
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6 Discussion

In addition to discussing the research questions in the related chapters, this
chapter focuses on interconnecting topics that merit further consideration.
It is a step towards making the thesis findings more general and building a
framework for the approaches to multiscale visualization for VGI and
LBSM, in addition to the conducted research.

6.1 Development for web mapping

The section “Technologies for serving multiscale maps” introduces a time-
line describing the technological development, focusing on the foundation
of multiscale map production. The following paragraphs try to sort through
the collected information in the web mapping eras according to the litera-
ture and the use of official standards.

6.1.1 The role of standards in map production

The analysis of the technological development has shown that maps for a
broad audience do not use official OGC standards. The question is, why?
The established standards, such as WMS and WMTS, are not used in plat-
forms for broad audiences. The standards are primarily implemented in
GIS, and the complimentary software is made for experts, not the mass
market. The standards offer needed options, such as different map projec-
tions, metadata, protection from unauthorized access, and customization.
Experts deal with all of that information and need it for their work.

Different worldwide maps, such as OpenStreetMap, Google Maps, and
Bing Maps have their own standards, which are a subset of the official
standards. This is probably because the mass market needs good perfor-
mance, simple maps, and not every option, as there would not be a signifi-
cant benefit for most users. Furthermore, fewer functions also mean
cheaper and more robust software—this is a result of current map technol-
ogy development driven by big companies. The companies only think
about their needs, and the standards maintained by the OGC are created
afterward in consultation with the expert community.

6.1.2 Technological development

Publications are trying to summarize web mapping developments by de-
fining different eras. Another perspective sees three time periods (Tsou
2009), starting with people gaining “GIS awareness” by understanding what
is possible with GIS technology around 2000. After 2005, with the start of
Google Maps, “new computing technologies for the internet GIS” led to the
age of “Internet GIS services users and providers,” along with its services
and APIs for maps and geodata.

There is also a complex view of the different eras (Veenendaal, Brovelli, and
Li2017), mainly driven by the technologies. A static web mapping era, with
maps as images, leads to the dynamic web mapping era with adjustable
views, followed by the services web mapping era and its APIs. This view
also incorporates interactive web mapping and a collaborative web map-
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Eras of multiscale map
production

In the pre-tiling era, there were lim-
ited options for changing the ex-
tent and scale. This was followed
by raster tiling, which allowed
worldwide scale and extent
changes with fixed scales called
zoom levels. The latest develop-
ment is vector tiles, with their ad-
justable style and flexible zoom
levels.

Discussion

ping era that allows interaction and uses VGI for map production. The dig-
ital globe web mapping era means using globes more for viewing geodata.
The mobile and location-based web mapping and cloud web mapping era
are also connected by the adjustments that were made for maps on mobile
devices. In contrast, the intelligent web mapping era tries to provide con-
text-adjusted complexity. Overall, this approach is an attempt to reflect all
technical developments.

Tsou’s approach is much more general, matching the fundamental upheav-
als from developments and providing a better overview. For multiscale map
production, it makes sense to define three stages by considering the change
of production and styling possibilities.

In the pre-tiling era, maps were provided as raster images with less possi-
bility for changing the extent and scale. The significant change was raster
tiling, with Google Maps leading the way. Changing the scale and extent on
worldwide maps had become the norm, but the scale was bound to a set of
scales called zoom levels. The change was the introduction of vector tiles
with open specifications by Mapbox, making the style zoomable, moveable,
and somewhat independent from the data. In addition, vector tiles allow
smooth map zooming; a zoom level is now a float number and not an inte-
ger jumping from scale to scale. The vector tile and raster tile era reflect the
technological changes that Tsou identified and are now offered as a service.
GIS awareness has enabled these developments through compelling exam-
ples such as Hurricane Katrina or the Iraq War, portrayed with maps and
geodata (Kilday 2018; Tsou et al. 2013).

6.2 New data, new mapping techniques?

As stated in the introduction and the literature (Tsou 2015), new or ad-
justed methods are needed to deal with the new user-generated geodata.
LBSM and VGI have particular properties; their heterogeneous data quality
may be redundant, unevenly distributed over time, and come with a com-
plex semantic captured for no fixed scale as usual geodata (Burghardt,
Duchéne, and Mackaness 2014, 120).

There are new possibilities connected with the new data sources; global data
is easily accessed by API, mostly without fees and good documentation on
how to use it. The APIs for Flickr and Twitter are well documented, as
OpenStreetMap has done with its Wiki. Compared to cartographic data
models from national mapping agencies, the English documentation for
those APIs makes them easy to use, and the data model is not so complex.

Assuming that the new data requires the development of new visualization
methods (Tsou 2015), relatively little of this is visible in the literature. Oth-
erwise, it would have been uncovered in the “Visualization approaches for
crowdsourced geodata” section. There are newer methods like the space-
time cube or the micro diagrams, but they have only ins used in a few pub-
lications. The identified most often used methods, such as point map, heat
map, choropleth map, and nominal line symbol, are not freshly developed
for the new data source VGI or LBSM. They are already known and applied
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to the data. Still, no search was conducted for new visualization methods
made for the new data. However, it makes sense that the rising or frequently
used methods had been noticeable in the review of publications related to
the topic. Of course, there are new visualization methods, such as the ap-
proaches of discrete isolation and micro diagrams developed in this thesis.
Of course, their use cannot be evaluated yet. Other examples would be the
tag maps (Dunkel 2015) or BinSq (Chua and Vande Moere 2016).

Furthermore, new possibilities of known techniques are being used in ways
to manage the data; for example, massive point plotting is now possible,
and transparency is used to estimate a number. Simple solutions seem to
be widely used, as shown by the evaluation of OpenStreetMap map produc-
tion generalization.

The proposed generalization operators for the new data (Burghardt,
Duchéne, and Mackaness 2014, 130) suggest more operators achieve new
visualizations; dimension change and displacement are complex tech-
niques with a complex implementation that is hard to manage with stand-
ard GIS tools. The simpler ones, such as selection, typification, and aggre-
gation, are implemented with the new micro diagrams. The enhancement
of small objects is also complex, but discrete isolation may help filter them
out if they are essential according to a numerical measure.

In summary, the development of new visualization methods is driven less
by data than by technical capabilities. Complex generalization operators or
visualization techniques are used less due to low penetration and complex
implementation. The same also applies to the new methods developed in
this thesis. It exists for the selection problem of the POIs, the solutions of
the label grid, and for the visualization of point collection, the point map
visualization, already known and in some points with better properties such
as performance.

105

New data—new visualization
methods?

New methods for VGI and LBSM
have been developed, but they
are rarely used. Instead, existing
technical possibilities for data vis-
ualization are used.
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Figure 73: Quantitative visualization for
Dutch, French, English, and German
Tweets using micro diagrams.

First research question

How to visualize point collection
data with quantitative categorized
attributes in as much detail as
possible?

Brief answer

Micro diagrams can visualize
point collections with  nominal
scaled attributes without cluttering
effects, allowing numerical pro-
portions to be read and the overall
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Conclusion

7 Conclusion

After discussing aspects of the research about new visualization methods
for user-generated geodata and models for map production on multiple
scales in the previous chapters, the derived findings will be summarized
here. In order to achieve this goal, a synthesis of the three research ques-
tions will be provided. This will allow the gained specific knowledge to be
applied to the broader field of cartography rather than just visualizing geo-
related, user-generated content.

7.1 Visualization of point collections

Point collections are generic homogeneous points with a relative position—
meaning the contrast of a point of interest with a unique identity and an
absolute position—and are very heterogenous (Bereuter 2015). The classi-
fication of points in these two groups is flexible and depends on the specific
use case and the scale. The new micro diagram visualization method, as in
Figure 73, works well for visualizing such point collections, which are typ-
ical for user-generated content, with the ability to visualize quantitative
nominal scaled attributes. It can deal with an extensive point data set and
visualize it without cluttering. The micro diagram is part of the toolset to
visualize mapping for location-based social media and big data (Burghardt,
Duchéne, and Mackaness 2014, 138; Tsou 2015), offering a new visualiza-
tion approach suitable for visual analytics and useable as an interactive web
map at multiple zoom levels and adjusted aggregation levels.

The micro diagram creation process offers variables to adjust the resulting
visualization to meet specific needs. Aggregation can be realized in real-
time by geospatial data structures or by classic grids. The diagram type can
be chosen according to the data and the number of categories. Diagrams
can be scaled by classification or an adjustment function in order to visual-
ize the aggregated data. All of these variables influence the appearance of
the final micro diagram map.

The case study and the user test show that micro diagrams are a visualiza-
tion method that supports the quantitative estimation of overlapping
points, especially for different categories. It is feasible to read the visualized
category percentages and draw conclusions about the number of visualized
values, as demonstrated in the user study. However, it is hard to obtain val-
ues for specific categories. This gap can be filled using interactive tech-
niques, such as displaying the numerical proportion and absolute number
by hovering a pointer over the diagram or grid cell.

The micro diagram method is a visualization approach that allows experi-
enced map readers, such as data scientists, analysts, and decision-makers,
to view and visually analyze extensive point data collections. It offers in-
sights by providing quantitative information, such as numerical propor-
tions and absolute numbers. Its main application is social media visualiza-
tion. In addition, it can be applied to statistical data, such as a census, and
protects privacy by showing only aggregated values for sensitive data.
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7.2 Visualization of points of interest

Points of interest have unique identities and absolute positions and are het-
erogeneous information (Bereuter 2015). For visualization, it is essential to
show as many of those unique points as the area on the chosen scale allows.
A numerical attribution should help rank the priority of the points in addi-
tion to spatial distribution.

The new measure of discrete isolation selects points by considering spatial
distribution and a numerical attribute. Figure 75 shows an example of the
usage comparable to the described problem from the introduction. It is a
flexible selection measure derived from the principle of topographic isola-
tion. There are also two other methods: the label grid approach, often used
for web map production, and a measure called functional importance. Im-
plementing the three approaches as QGIS plugin point selection algo-
rithms* makes them a feasible way to compare different use cases and eval-
uate performance. The results show that discrete isolation is a versatile se-
lection measure, able to select points on a broad range of scales or zoom
levels. Three different use cases evaluated potential applications for discrete
isolation. A cartographic use case for selecting populated places was the
first example, followed by an analysis of social media data. These use cases
demonstrate that the method can help analyze point data sets and identify
locally essential points. Finally, an example using a set of scales shows how
the selection measure ensures consistent selection, with essential features
remaining while others are removed.

Discrete isolation is useable for selecting populated places, peaks, view-
points, and elevation points for visualization or analysis purposes, as shown
in the Twitter data example. A comparison of algorithmic performances
has shown that discrete isolation is not as efficient as the label grid. How-
ever, it only needs to be computed once for all scales or zoom levels and is
combinable with other attributes. The ability to flexibly combine different
attributes for selection that only need one computation for different scales
of zoom levels makes discrete isolation convenient.

7.3 Production of multiscale maps

As stated in the introductory chapter, users today expect digital maps with
multiple scales due to their experience using maps from commercial play-
ers. A review of open source projects explores three different Open-
StreetMap projects to answer how worldwide, interactive multiscale maps
are made by describing them. The result was a general workflow that can
be used to set up new multiscale map services.

OpenStreetMap Carto implements a classic raster tile workflow, while
OpenMapTiles focuses on vector tile service. Although both workflows use
a similar source, the output and technological approach diverge due to dif-
ferent goals. Another common feature of the two projects is that they are
not based on current state-of-the-art web mapping standards.
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Figure 74: All populated places in Ice-
land from OpenStreetMap. To obtain
an overview, a selection is necessary.
(Data OpenStreetMap Contributors
2021 OdbL 1.0)
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Figure 75: Improved selection of
places for Iceland using discrete isola-
tion. (Data OpenStreetMap Contribu-
tors 2021 OdbL 1.0)

Second research question

How is a scale-dependent selec-
tion of POls possible for visualiza-
tion that considers spatial distribu-
tion and numerical attributes?

Brief answer

Discrete isolation allows the se-
lection of points of interest by con-
sidering spatial distribution and
numerical attribute.
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Third research question

What are the possible workflows
to produce a multiscale map,
which is currently the most fre-
quently used map?

Brief answer

Identified workflow stages are pre-
processing the OpenStreetMap
data, storing the data in a rela-
tional database, creating the tiles
and their caching styling, and fi-
nally, the map viewer. The new
stackless approach does the pre-
processing and tiling in one stage
without using intermediate data
storage.

Conclusion

A stackless approach example was also given as an additional, upcoming
new technique. A graphic workflow was derived for each project. The three
examples created a general workflow based on user-generated geodata from
OpenStreetMap as the primary data source.

Identified workflow stages are the application of OpenStreetMap tools to
pre-processing, storing data in a relational database, creating the tiles and
their caching, styling the tiles, and finally, the map viewer. In the case of
raster tiles, the tiles are styled before caching. The stackless approach per-
forms the pre-processing and tiling in one stage without using intermediate
data storage. A selection of suitable software allows the general character of
the workflow and its stages to be demonstrated. Vector tiles offer the ad-
vantage of adjustable visualization, while raster tiles allow more complex
visualization effects.

Two examples show an implementation of the micro diagram and discrete
isolation selection approaches using official and informal web standards
with open source software. The workflow for multiscale map production is
included in this example. Finally, a juxtaposition of raster and vector tile
technology completed the examples.

For the micro diagram, raster tiles are the preference because there is no
way to create pie charts using WebGL-based rendering libraries, such as
MapBox GL and its fork MapLibre. It is less complicated to render raster
tiles with a specific GIS, resulting in raster images that every device can dis-
play. However, there is no adjustment ability in the visualization, which is
an advantage of vector tiles. Discrete isolation values can be stored in the
tiles, and the vector tile style can be used to adjust the selection at the final
device, creating different styles from one vector tile set. Therefore, it de-
pends on the needed visualization if raster or vector tile technology is the
choice, besides various other constraints such as storage capacity, stand-
ards, and workflow complexity.

7.4 Synthesis of the research questions

Creating visualization and producing maps on multiple scales is, and prob-
ably will remain, a task for experts due to the complexity of the workflows.
Map production on a worldwide scale and on multiple scales needs partic-
ular approaches: parallelization, special software, expensive hardware, and
knowledge about how to handle it. As a result, fewer people can make maps
for the whole world, but everyone can contribute to those maps thanks to
VGI projects like OpenStreetMap. In addition, open source software pro-
vides insights for every enthusiast for free, but participation will still be lim-
ited due to the required skill set.

There seems to be a trend toward the stackless approach, which does not
need intermediate storage and schema transformation, simplifying mul-
tiscale map production. The stackless approach is less complicated due to
its shorter toolchain and fewer tools, making debugging and configuration
more accessible and reducing computation time (Astrakhan 2022). The free
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cartographic model of the OpenMapTiles schema® makes map style inde-
pendent from the tile creation process (Pohanka 2022). It is possible to cre-
ate the tiles with different software or tool chains and apply the same final
style, leaving room for improvements in the geometric generalization if the
data model is compatible.

Currently, vector tile technology limits the visualization methods. It is fore-
seeable that this limitation will be less severe in the future, with more kinds
of visualizations becoming possible. Furthermore, methods like micro dia-
grams will be created with vector tiles. Current trends for visualizing the
massive amount of new user-generated data will lead to a new tool set.

Those new possibilities will allow for the more efficient creation of mul-
tiscale visualizations of user-generated geodata and other geodata. If the
foundation, workflows, and tools are recognized, reproducing and adjust-
ing visualizations to specific data outputs will be straightforward. Analyz-
ing vast global datasets is challenging, but it may show hidden patterns in
VGI and LBSM. The new micro diagram visualization can explore catego-
ries and large amounts of data on these types of multiscale maps. At the
same time, discrete isolation can select the most critical points in a data set
for a scale.

7.5 Contributions

Contributions from this research are made to two fields: providing meth-
ods for visualizing geo-related, user-generated content and a framework for
producing multiscale maps. In addition, the technological upheavals from
modern web map development were discussed, and the generalization ap-
proaches used in the OpenStreetMap Carto and OpenMapTiles projects for
map production were explored.

Micro diagrams allow the quantitative visualization of point collations on
multiple scales, verified by a user study. Discrete isolation offers a selection
of points, which helps identify locations that are relatively more critical to
their surrounding points according to a numerical attribute. In addition,
an overview of other comparable selection methods and of QGIS plugin
implementation were provided.

The second visualization method contribution is a framework and over-
view of tools for multiscale map production based on the frequently used
OpenStreetMap data, showing that multiscale maps are produced along-
side standards worldwide. It starts with exploring the technological devel-
opment of multiscale maps, beginning with raster tiles, and explains the
change to vector tile technology. Using the suggested framework, it is pos-
sible to build a workflow to produce multiscale maps from OpenStreetMap
or another data source. It includes an overview of necessary software cate-
gories and possible tools.

> https://openmaptiles.org/schema/
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Figure 76: Example for a different
map and its building generalization.
OpenStreetMap Carto style (no gener-
alization), openmap.It (building gener-
alization), and OpenMapTiles Street
style (no generalization) at zoom level
15 in Kaunaus.

Conclusion

As a supplement to the map production workflows, OpenMapTiles and
OpenStreetMap Carto project generalization were explained through ex-
amples and detailed views from existing publications (Burghardt, Duchéne,
and Mackaness 2014; Touya and Reimer 2015). There is no sophisticated
generalization implementation for a map with many different scales. Due
to the need for good performance, generalization is kept simple, and com-
plex cartographic generalizations, such as displacement and network sim-
plification, are not used. Therefore, selection by attribute or geometric
measures is used to reduce the number of features. Another reason to keep
things less sophisticated is that the projects are developed by non-expert
volunteers, who cannot invest more time (Burghardt, Duchéne, and
Mackaness 2014, 400).

The result acknowledges the need for future improvements to the carto-
graphic quality of these types of maps by developing adjusted generaliza-
tion methods and mapping tools that fit into the workflow needs. In addi-
tion, traditional approaches, such as radical law, could be adapted to
zoomable maps to create a better theoretical foundation for multiscale map
production beyond the usual manufacture of topographic maps.

7.6 Limitations

This research on multiscale VGI and LBSM visualization does have limita-
tions. From a scientific point of view, the work is sometimes very technical.
Understanding some parts of this thesis requires a technical background,
making the research hard to explain when attempting to discuss the out-
comes.

The micro diagram map approach offers actual advantages over the point
map, but it is still limited. Size and color variations are limited, and they
should be clearly distinguishable and readable. This results in fewer quan-
titative visualizations in cases of extensive data ranges and many categories.

It would have been interesting to implement the identified older point se-
lection approaches and compare them with recent approaches and discrete
isolation. The result would have been more approaches to compare and
choose from for the QGIS plugin, which might lead to other conclusions.

The multiscale production workflow analysis stems from the author’s own
years of exploration based on conference presentations, talks, and code re-
positories. It is hard to cite such big workflows and explain all of the details
correctly; a general idea of how map production is implemented should be
conveyed. The same applies to the explanation about generalization, which
does not aim for completeness, only insights.

There are other open map projects that have, in some parts, more sophisti-
cated generalizations. OpenTopoMap™ offers an excellent approach to lake
labeling, using topographic isolation to select peaks. Freemap.sk creates a

55 https://opentopomap.org

% https://www.freemap.sk
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good relief depiction with unique hill shading. openmap.1t*” uses complex
generalization procedures to merge parallel roads, simplify buildings, and
label lakes. Figure A77 offers an example of different renderings for the
same data and the generalization performed in openmap.lt.

In general, this thesis focused on free and open source software for two rea-
sons: open workflows need open sources, and free knowledge such as VGI
is comparable to open software. In addition, no commercial software is
comparable to free tools like mapnik and PostgreSQL/PostGIS to create
worldwide, multiscale maps.

7.7 Outlook

Exploring the production of today’s worldwide, multiscale maps has shown
that VGI, incredibly OpenStreetMap, is the data source for maps. The con-
tributions are not stopped by borders; the data is accessible for free and
constantly updated by many volunteers. Therefore, every cartographer
should know how to improve, use, and handle this valuable data source.

The explored workflow for map production builds on the knowledge of
OpenStreetMap and enables the production of multiscale maps. It should
be included as a part of primary cartographic education, as print map pro-
duction works similarly to multiscale map production. A map built on this
general workflow using OpenStreetMap can be shifted around and will
work everywhere, assuming the topic and scale stay the same and the map
projection is adjusted. Web Mercator projection should not be used for
printed maps. Nonetheless, a map will always benefit from specific adjust-
ments and manual improvements for better quality.

In order to improve the quality of multiscale maps, cartographic research
should accept the challenge and develop techniques that fit into the mul-
tiscale map production workflow. The new methods should be able to work
on the fly and provide good results within a short processing time. The aim
should be to improve map quality by integrating cartographic approaches
into the workflows. To achieve this integration, knowledge exchange be-
tween cartographers and open source programmers is necessary
(Burghardt, Duchéne, and Mackaness 2014, 400), starting with reviewing
current possibilities and combining the skills of both fields, as interviews
with experts have already shown (Beukelaar 2018). New methods and al-
gorithms should be implemented as open source. This ensures that every-
one can test and integrate the new knowledge into an adapted workflow. A
good example is the polylabel®® approach for finding the optimal placement
for a point’s text label on a polygon. It was inspired by a publication iden-
tifying the pole of inaccessibility (Garcia-Castellanos and Lombardo 2007)
and implemented by an employee of Mapbox. Afterward, the approach was
incorporated into other software due to its excellent performance.

57 https://openmap.lt

58 https://github.com/mapbox/polylabel
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Conclusion

In addition, existing algorithms should be reviewed and, if suitable, inte-
grated into recently acquired tools. Currently, many functions are lacking
that would be helpful for map production. For example, an adjusted line
simplification function for buildings in PostGIS would improve Open-
StreetMap-based maps like OpenStreetMap Carto or OpenMapTiles. Pre-
dictably, the tools will change, but more integration into other software will
follow once a good solution is known.

Finally, creating an overview of current visualization methods for VGI and
LBSM and their applications would be a solid contribution to the cartog-
raphy discussion. There is still a knowledge gap for how to visualize classic
geodata and manage the complex and extensive data sets of the new user-
generated data. Having classifications for the new data and visualization
approaches could lead to better visualizations that are easier to create and
implement using GIS software.
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9 Appendix

9.1 Zoom levels and Scale

Table A9: Zoom levels for raster and vector tiles, with the resolution (meter per
pixel) and rounded scale at the Equator according to OpenStreetMap Wiki.>®

Appendix

Zoom levels Zoom levels m / px Rounded scale
raster tiles vector tiles at equator at equator
[256 x 256 px] | [612 x 512 px]

0 156,412 500,000,000

1 0 78,206 250,000,000

2 1 39,103 150,000,000

3 2 19,551 70,000,000

4 3 9,776 35,000,000

5 4 4,888 15,000,000

6 5 2,444 10,000,000

7 6 1,222 4,000,000

8 7 611 2,000,000

9 8 305 1,000,000

10 9 153 500,000

11 10 76 250,000

12 11 38 150,000

13 12 19 70,000

14 13 10 35,000

15 14 5 15,000

16 15 2 8,000

17 16 1 4,000

18 17 0.6 2,000

19 18 0.3 1,000

5 https://wiki.openstreetmap.org/w/index.php?title=Zoom lev-

els&oldid=1895097
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9.3 Full information about selected UGC papers
Table A10: Overview of selected UGC papers with maps.

Year | Journal Paper

2008 | JLBS Girardin et al., “Leveraging Explicitly Disclosed Location Information to Understand
Tourist Dynamics.”

2010 | JLBS Andrienko et al., “A Framework for Using Self-Organising Maps to Analyse Spatio-Tem-
poral Patterns, Exemplified by Analysis of Mobile Phone Usage.”

2010 | TCJ Cheng et al., “Multi-Scale Visualisation of Inbound and Outbound Traffic Delays in Lon-
don.”

2010 | JLBS Guo, Liu, and Jin, “A Graph-Based Approach to Vehicle Trajectory Analysis.”

2010 | TCJ Haklay et al., “How Many Volunteers Does It Take to Map an Area Well?”

2010 | JLBS van Schaick, “Future Scenarios for the Relation between Advanced Tracking Research
and Urban Design and Planning.”

2011 | CaGIS Kessler, “Volunteered Geographic Information.”

2013 | CaGIS Crampton et al., “Beyond the Geotag.”

2013 | CaGIS Fujita, “Geo-Tagged Twitter Collection and Visualization System.”

2013 | CaGIS Ghosh and Guha, “What Are We “Tweeting’ about Obesity?”

2013 | CaGIS Kent and Capello, “Spatial Patterns and Demographic Indicators of Effective Social
Media Content during The Horsethief Canyon Fire of 2012.”

2013 | JLBS Krumm, Gruen, and Delling, “From Destination Prediction to Route Prediction.”

2013 | CaGIS Li, Goodchild, and Xu, “Spatial, Temporal, and Socioeconomic Patterns in the Use of
Twitter and Flickr.”

2013 | JLBS Mooney, Rehrl, and Hochmair, “Action and Interaction in Volunteered Geographic In-
formation.”

2013 | JLBS Patel, “Incorporating Duration and Region Association Information in Trajectory Classi-
fication.”

2013 | JLBS Pippig, Burghardt, and Prechtel, “Semantic Similarity Analysis of User-Generated Con-
tent for Theme-Based Route Planning.”

2013 | CaGIS Stefanidis et al., “Demarcating New Boundaries.”

2013 | CaGIS Tsou et al., “Mapping Social Activities and Concepts with Social Media (Twitter) and
Web Search Engines (Yahoo and Bing).”

2013 | CaGIS Xu, Wong, and Yang, “Evaluating the ‘Geographical Awareness’ of Individuals.”

2014 | CaGIS Camponovo and Freundschuh, “Assessing Uncertainty in VGI for Emergency Re-
sponse.”

2014 | JLBS Gréchenig, Brunauer, and Rehrl, “Digging into the History of VGI Data-Sets.”

2014 | CaGIS Hawelka et al., “Geo-Located Twitter as Proxy for Global Mobility Patterns.”

2014 | CaGIS Sagl, Delmelle, and Delmelle, “Mapping Collective Human Activity in an Urban Environ-
ment Based on Mobile Phone Data.”

2014 | JLBS You and Krumm, “Transit Tomography Using Probabilistic Time Geography.”

2015 | JLBS Goncalves, Afonso, and Martins, “Cartographic Visualization of Human Trajectory
Data.”

2015 | CaGlIS Malleson and Andresen, “The Impact of Using Social Media Data in Crime Rate Calcu-
lations.”

2015 | JLBS Tessem et al., “Word Cloud Visualisation of Locative Information.”

2015 | JLBS Zhao, “On Processing GPS Tracking Data of Spatio-Temporal Car Movements.”
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2016 | CaGIS Gong et al., “Inferring Trip Purposes and Uncovering Travel Patterns from Taxi Trajec-
tory Data.”

2016 | TCJ Hauthal and Burghardt, “Mapping Space-Related Emotions out of User-Generated
Photo Metadata Considering Grammatical Issues.”

2016 | JLBS Oliveira et al., “Gazetteer Enrichment for Addressing Urban Areas.”

2016 | JLBS Qiu and Wang, “Inferring Road Maps from Sparsely Sampled GPS Traces.”

2016 | CaGIS Robertson and Feick, “Bumps and Bruises in the Digital Skins of Cities.”

2016 | CaGIS Shook and Turner, “The Socio-Environmental Data Explorer (SEDE).”

2016 | CaGIS Zhou and Zhang, “Crowdsourcing Functions of the Living City from Twitter and Four-
square Data.”

2017 | CaGlIS Baker et al., “Crowdsourcing a Cyclist Perspective on Suggested Recreational Paths in
Real-World Networks.”

2017 | CaGIS John et al., “Deriving Incline Values for Street Networks from Voluntarily Collected GPS
Traces.”

2018 | JLBS Almaslukh, Magdy, and Rey, “Spatio-Temporal Analysis of Meta-Data Semantics of
Market Shares over Large Public Geosocial Media Data.”

2018 | CaGIS Kounadi et al., “Population at Risk.”

2018 | JLBS Mamei and Colonna, “Analysis of Tourist Classification from Cellular Network Data.”

2018 | CaGlIS Resch, Uslander, and Havas, “Combining Machine-Learning Topic Models and Spatio-
temporal Analysis of Social Media Data for Disaster Footprint and Damage Assess-
ment.”

2018 | JLBS Rybarczyk et al., “Travel and Us.”

2019 | JLBS Cay, Nagel, and Yantag, “What Is Happening in the City?”

2019 | CaGIS Jiang, Li, and Ye, “Understanding Demographic and Socioeconomic Biases of Ge-
otagged Twitter Users at the County Level.”

2019 | JLBS Keler and Krisp, “Understanding the Relationship between Complicated Crossings and
Frequently Visited Locations — a Case Study with Boro Taxis in Manhattan.”

2019 | CaGIS Koylu et al., “CarSenToGram.”

2019 | JLBS Viel et al., “An Original Approach to Positioning with Cellular Fingerprints Based on De-
cision Tree Ensembles.”

2019 | CaGIS Wang and Ye, “Space, Time, and Situational Awareness in Natural Hazards.”

2020 | CaGIS Grobe and Burghardt, “Micro Diagrams.”

2020 | CaGlIS Hu, Li, and Ye, “Delineating and Modeling Activity Space Using Geotagged Social Me-
dia Data.”

2020 | JLBS Kveladze and Agerholm, “GeoVisual Analytics for Understanding the Distribution of
Speeding Patterns on Arterial Roads.”

Journal of Location Based Services (JLBS)
The Cartographic Journal (TCJ)
Cartography and Geographic Information Science (CaGIS)
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9.4 Timeline of mapping technologies

Table A11: Overview of mapping technologies and their year of introduction.

Name Year Source
WMS 2000 | https://portal.ogc.org/files/?artifact id=7196
Raster Tiles 2005 | https://cfis.savagexi.com/2006/05/03/google-maps-deconstructed/
WMST 2010 | https://www.ogc.org/standards/wmts
Vektor Tiles 2014 | https://github.com/mapbox/vector-tile-spec/tree/master/1.0.0
TMS 2006 | https://en.wikipedia.org/w/index.php?title=Tile Map Service&oldid=1026187764
OGC API Tiles 2022 | https://github.com/opengeospatial/ogcapi-tiles

9.5 Timeline of map providers

Table A12: Timeline of map providers.

Company Start End Source

https://en.wikipedia.org/w/index.php?ti-

MapQuest 1994 tle=MapQuest&oldid=1059991486
https://en.wikipedia.org/w/index.php?ti-

GoogleEarth 2001 tle=Google Earth&oldid=1058170806
https://web.archive.org/web/20080713214826/http://yhoo.cli-

Yahoo! Maps 2002 2015 | ent.shareholder.com/press/timeline.cfm
https://en.wikipedia.org/w/index.php?title=Open-

OpenStreetMap 2005 StreetMap&oldid=1056217878
https://en.wikipedia.org/w/index.php?ti-

Google Maps 2005 tle=Google Maps&oldid=1058425513
https://en.wikipedia.org/w/index.php?ti-

Bing 2005 tle=Bing Maps&oldid=1055988490
https://wiki.openstreetmap.org/w/index.php?title=Cloud-

CloudMade 2007 2015 | Made&oldid=2076236

Thunderforest 2008 https://www.thunderforest.com/about/
https://en.wikipedia.org/w/index.php?title=Map-

Mapbox 2010 box&oldid=1043203114
https://wiki.openstreetmap.org/w/index.php?titte=Humanitar-

Humanitarian OSM Team 2010 ian OSM Teamd&oldid=2199189
https://en.wikipedia.org/w/index.php?title=Ap-

Apple Maps 2012 ple Maps&oldid=1056830468
https://en.wikipedia.org/w/index.php?ti-

Mapzen 2013 2018 | tle=Mapzen&oldid=1056386905
https://en.wikipedia.org/w/index.php?ti-

HERE We Go 2013 tle=Here WeGo&oldid=1056698851

OpenMapTiles

Martinelli and Roth,
2016 “Updatable Vector Tiles from OpenStreetMap.” 2016
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9.6 Code snippets from own map production
workflows
9.6.1 Vector tiles workflow

local tables = {}

local mySchema 'import'
tables.places = osm2pgsqgl.define node table('places', {
{ column = 'name’, type = 'text' },
{ column = 'text' },
{ column = = "text' },
{ column = },
{ column = 'g¢ point' },
}
, {schema = mySchema}
)
tables.peaks = osm2pgsqgl.define node table('peaks', {
{ column = ame type = 'text' },
{ column = en', type = 'text' },
{ column = , type = 'text' },
{ column = type = 'text' },
{ column = 'geom', type = 'point', projection = 4326 },

}, {schema = mySchemal})
function osm2pgsql.process node (object)

if object.tags.place then
tables.places:add_row ({
name = object.tags.name,
type = object.tags.place,
population = object.tags.population,
capital = object.tags.capital,
i3]

end

if object.tags.natural == 'peak' or object.tags.natural == 'vulcano' then
tables.peaks:add row ({
name = object.tags.name,
name_en = object.tags['name:en'],
type = object.tags.natural,
ele = object.tags.ele,
3]

end

Figure A78: Content of the configuration file for osm2psql that imports places
and peaks from OpenStreetMap tags to defined database tables.

ogr2ogr PG:"dbname=multi-scale-demo user=postgres password=Dell2300" -clipsrc -180 -85 180 85
-t_srs EPSG:3857 natural earth vector.sglite ne 110m lakes -nln ne 110m lakes -nlt
PROMOTE_TO MULTI -lco SCHEMA=naturalearth

ogr2ogr PG:"dbname=multi-scale-demo user=postgres password=Dell2300" -clipsrc -180 -85 180 85
-t srs EPSG:3857 natural earth vector.sglite ne 110m land -nln ne 110m land -nlt
PROMOTE TO MULTI -lco SCHEMA=naturalearth

ogr2ogr PG:"dbname=multi-scale-demo user=postgres password=Dell2300" -clipsrc -180 -85 180 85
-t _srs EPSG:3857 natural earth vector.sglite ne 110m rivers lake centerlines -nln

ne 110m rivers lake centerlines -nlt PROMOTE TO MULTI -lco SCHEMA=naturalearth

ogr2ogr PG:"dbname=multi-scale-demo user=postgres password=Dell2300" -clipsrc -180 -85 180 85
-t srs EPSG:3857 natural earth vector.sglite ne 110m admin 0 boundary lines land -nln
ne_110m_admin_0 boundary lines land -nlt PROMOTE_TO MULTI -lco SCHEMA=naturalearth

ogr2ogr PG:"dbname=multi-scale-demo user=postgres password=Dell2300" -clipsrc -180 -85 180 85
-t _srs EPSG:3857 natural earth vector.sglite ne_ 110m populated places -nln

ne 110m populated places -lco SCHEMA=naturalearth

Figure A77: Import of the NaturalEarth data into the rendering database using org2ogr from GDAL.
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[[tileset.layer]]

name = "lakes"
geometry field = "geometry"
geometry type = "POLYGON"

srid = 3857
buffer size = 10
simplify = true
[[tileset.layer.query]]
minzoom = 0
sql = """SELECT geometry FROM naturalearth.ne 110m_lakes WHERE geometry && !bbox! AND

scalerank = 0"""

[[tileset.layer.query]]

minzoom = 3

sql = """SELECT geometry FROM naturalearth.ne 50m lakes WHERE geometry && !bbox! AND
scalerank <= 3"""

[[tileset.layer.query]]

minzoom = 5
sgql = """SELECT geometry FROM naturalearth.ne 10m lakes WHERE geometry && !bbox! AND

scalerank <= H"""

Figure A79: Definition of the lakes layer in the vector tiles tile set for t-rex. Several queries define the content of the different
zoom levels according to attributes. The “lbbox!” variable is replaced during tile generation with the extent of a tile, while
“&&” compares it with the geometry of a column, limiting the results.

[[tileset.layer.query]]

minzoom = 8

sgql = """SELECT name, type, round(population)::float as population, geom AS geometry,
round (population_isolation)::float AS isolation, CASE WHEN capital = 'yes' THEN 'yes' ELSE
'no' END AS capital

FROM vector.places

WHERE (population_isolation > 30000 AND type = 'city' AND geom && !bbox!)

OR (population isolation > 40000 AND type = 'town' AND geom && !bbox!)

ORDER BY population DESC """

Figure A80: The more complex query for a specific zoom level for t-rex. The selected columns in the query are available
as attributes in the vector tiles.

version: 8

name: "multi-scale-bwl-demo™

v metadata:

mapbox:autocomposite: false
maputnik:renderer: "mbgljs"
v sources:

v multi-scale-demo:

type: "vector"
url: "http://127.0.0.1/data/multi-scale-demo.json"
glyphs: "http://127.0.0.1/fonts/{fontstack}/{range}.pbf"
w layers:
v o:
id: "background_"
type: "background"
w paint:
background-color: "rgba(255, 255, 255, 1)"
v 1:
id: "land"
type: "fill"
source: "multi-scale-demo”
source-layer: "land"
w paint:
fill-color: "rgba(242, 242, 242, 1)"
fill-antialias: false
v 2
id: "rivers"
type: "line"
source: "multi-scale-demo”
source-layer: "rivers"
w paint:
line-color: “rgba(255, 255, 255, 1)"

Figure A81: Excerpt of the style file (StyledSON) for rendering vector tiles, refer-
encing tiles and glyphs for the example.



w tiles:
ve: “http://Localhost/data/multi-scale-demo/{z}/{x}/{y}.pbf"
v 1: "http://127.0.0.1/data/multi-scale-demo/{z}/{x}/{y}.pbf"
name: "multi-scale-demo”
format: "pbf*
basename: "multi-scale-demo”
id: "multi-scale-demo”
attribution: "(c) OpenStreetMap contributors | NaturalEarth”
w bounds:
o: -180
1: -99
2: 180
3: 90
w center:
0: ]
1: ]
2: 2
description: "multi-scale-demo"
v Layer:
v o:
description:
w fields:
capital:
isolation:
name:
population:
type: e
id: "cities”
name: "cities"

v properties:

buffer-size: ]
maxzoom: 8
minzoom: o
vl

description:

fields: s}

id: “rivers”

name: “rivers"

Appendix

Figure A82: Excerpt of the tile set description (TileJSON) for the example work-
flow describing the tile set extent and layer with their attribute fields.

<IDOCTYPE html>

<html>

<head>
<meta charset="UTF-8">
<meta name="viewport" content="width=device-width, initial-scale=1">
<Litle>multi-scale-bwl-demo - TileServer GL</Litle>
<link rel="stylesheet" type='"text/css" href="/mapbox-gl.css" />
<script src-"/mapbox-gl.js"></script>
<link rel="stylesheet" type="text/css" href="/mapbox.css" />

<script /mapbox.js"></script>
<script /leaflet-hash.js"></script>
<style>

body { margin:0; padding:0; }
#map { position:absolute; top:0; bottom:0; width:100%; }
</style>
</head>
<body>
yle="display:none;">multi-scale-bwl-demo</hl>
= 'map'></div>

<script>
var q = (location.search || '').substr(l).split('&');
var preference =
q.indexOf ('vector') >= 0 ? 'vector' :
(q.indexOf ('raster') >= 0 ? 'raster' :
(mapboxgl.supported() ? 'vector' 'raster'));
if (preference 'vector') {
mapboxgl.setRTLTextPlugin (' /mapbox-gl-rtl-text.js");
var map = new mapboxgl.Map ({
container: 'map',

style: '/styles/multi-
hash: true

cale-bwl-demo/style.jso

b
map.addControl (new mapboxgl.NavigationControl()) ;
I else {

var map = L.mapbox.map('m
new L.Control.Zoom({ posi
setTimeout (function() {

new L.Hash (map) ;
1, 0
}
</script>
</body>
</html>

', '/styles/mult ol domos jzok
on: 'topright' }).addTo (map) ;

{ zoomControl:

false });

Figure A83: Source code of the viewer for the vector tiles example, referencing

the style and setting up the viewer.
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9.6.2 Raster tiles workflow

@ *project — QGlS - X
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Figure A84: QGIS project for tweet visualization. All project layers are available as layers in the QGIS Server WMS later on
and can be referenced.

sources:
micro_diagrams:

type: wms

wms_opts:
version:

req:
url: http://172.28.1.2/service?
layers: micro diagrams
transparent: true

coverage:
bbox: [-27.34,26.4,50.44,67.23]
srs: 'EPSG:4326'

tweets_selection:

type: wms

wms_opts:
version:

req:
url: http://172.28.1.2/service?
layers: tweets selection
transparent: true

coverage:
bbox: [-27.34,26.4,50.44,67.23]
srs: 'EPSG:4326'

Figure A85: Excerpt of the MapProxy configuration referencing layers from the
QGIS project as a WMS from the QGIS server.
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services:
demo:
# XYZ/TMS needs a cache!
tms:
use_grid names: false
# origin for /tiles service, no access via /TMS!
origin: 'nw'
wns :
md:
title: Micro diagram multi scale demo
abstract: Map Preview
wnts:
kvp: false
restful: true

layers:
- name: micro_diagram
title: Micro diagram map
sources: [micro diagrams_cache]
- name: tweet selection
title: Point map
sources: [tweets_selection cache]
- name: background
title: Background map
sources: [background cache]

caches:
micro_diagrams cache:
grids: ['GLOBAL WEBMERCATOR']

sources: [micro_diagrams]
format: my format
cache:

type: sqlite

tweets_selection_cache:
grids: ['GLOBAL_ WEBMERCATOR']
sources: [tweets selection]
format: my_ format
cache:
type: sqglite

Figure A87: Configuration of the caches and services of MapProxy for the dif-
ferent layers.

<body>
<div id="map"></div>
<script>

var background = L.tilelLayer('http://localhost/wmts/background/GLOBAL WEBMERCATOR/{z}/{x}/{y}.jpeg"', {attribution:
"Made with data from NaturalEarth and Twitter"}):
var osm = L.tileLayer('https://tile.openstreetmap
href="'https://w C Open

a/{z}/{x}/{y}.png', {attribution: "&
StreetMap</a> contributors d Twitte

'
"

var diagrams = L.tileLayer.wms('http://1
transparent: true})

//var diagrams = L.tileLayer ('http://localhost/tiles/micro diagram EPSG3857/{z}/{x}/{y}.png');
var points = L.tilelayer.wms('http://localhost/servi {layers: 'tweet selection', format:
transparent: true})

//var points = L.tileLayer ('http://localhost/tiles/tweet selection EPSG3857/{z}/{x}/{y}-.png');

/service?', {layers: 'micrc agram', format: "im

P

=% "

ime

var map = L.map('map’',{ center:[49,2], zoom:5, layers: [osm]});
L.control.scale({position: 'bottomleft'}).addTo (map) ;

var baseMaps
"ha

und": background,

reetMap": osm};
var overlayMaps = {
"Point map": points,
"Micro di am map": diagrams};

var layerControl L.control.layers (baseMaps,overlayMaps) .addTo (map) ;

</script>
</body>
</html>

Figure A86: Viewer for the raster tiles referencing services from MapProxy. It is possible to use XYZ and WMS to access
the layers with the same result and comparable performance.



