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Creating a 3D Campus Routing Information System
with ArcGIS Indoors

JAN WILKENING?!, ARMAND KAPAJ2 & JULIANE CRON?

Abstract: Humans spend an increasing amount of time indoors. While it is relatively easy to
find the best route between buildings, it is more difficult to find the best route within a building.
This is a particular problem for large, complex buildings with a high fluctuation of visitors
like in university buildings. In this contribution, we show how an interactive web-based 3D
campus routing and information system (CRIS) can be designed using ArcGIS Indoors and the
ArcGIS platform. From a scientific point of view, we focus on the question how this system
needs to be designed in order to facilitate effective and efficient indoor routing. The most
important design elements of the CRIS were identified by conducting a user study with experts
in Cartography. This study showed that the system can help users without prior knowledge in
solving routing tasks.

1 Introduction and problem statement

The amount of time that humans spend in indoor spaces is significant. A series of studies carried
out on different continents at different times indicates that the average person spends approxi-
mately 90% of their time in indoor environments (home, work, and other indoor spaces) (JENKINS
et al. 1992; BRASCHE & BISCHOF 2005; SCHWEIZER et al. 2006). In the last decade, indoor naviga-
tion began to become a hot topic for research (FALLAH et al. 2013; CHO & CHOI 2015, DUDAS;
GHAFOURIAN & KARIMI 2009). Furthermore, according to CHO & CHOI (2015) these days at least
170 companies work on topics like indoor location, indoor maps, building tracking and indoor
navigation.

Humans are familiar to navigate outdoors and can use a wide variety of devices to orientate them-
selves (e.g. maps, navigation systems, street signs etc.). However, navigation within building
premises is not an easy task to complete, especially due to the lack of familiarity with the premises,
inadequate indoor maps and missing signage. Therefore, users often end up getting lost. According
to CARLSON et al. (2010) this happens due to three main factors: (1) the spatial structure of the
buildings, (2) the cognitive maps that users construct while navigating, and (3) the strategies and
spatial abilities of the users.

Finding the way around and inside university campuses is a particular challenge, due to the special
spatial structures. University campuses often consist of several buildings with various connection
routes, entrance points, floor levels, dimensions, confusing numbering and naming systems, lim-
ited lines of sight, lack of local cues, missing signage, and a lack of well-designed and user-friendly
indoor maps. These factors impair the indoor navigation process of various user groups on and
between campuses. Moreover, university campuses deal with a high fluctuation of various user
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groups such as students (current and new students), staff members, and visitors. The process of
indoor navigation in university buildings is particularly difficult for first-time students and visitors,
who are not familiar with the architectural structure of the building.

To tackle these problems, we implemented a web-based 3D Campus Routing Information System
that is designed to support users in finding their way on university campuses based on ArcGIS
Indoors. A campus routing information system can be defined as a system designed and build to
help various user groups to navigate in complex indoor spaces, such as university campuses, air-
ports, shopping malls, etc. While this paper focuses on university campuses, the methodology can
be transferred to several other campuses including shopping malls, airports, etc. The several steps
for creating and evaluating the campus routing system will be discussed in the remainder of this
article.

2 Creation of a 3D Campus Routing Information System

Building university Campus Routing Information Systems (CRIS) requires different steps to trans-
form the raw data (e.g. building data CAD files) into an effective and efficient campus routing
application with the help of different software, tools, and methods. These steps can be categorized
in four main groups: (1) data pre-processing, (2) data processing, (3) web application, and (4)
campus routing evaluation, as shown in Figure 1 below.

Building floorplans (i.e., Data pre- Data
CAD data) processing processing

Campus Web
Campus Routing System Routing

- application
evaluation PP

JavaScript API

Fig. 1:  Steps to design a Campus Routing Information System (CRIS)

For the implementation of our 3D CRIS, we chose Esri’s ArcGIS platform. This platform solves
the tasks of data pre-processing, processing and publishing very efficiently, because it consists of
several components (ArcMap, ArcGIS Pro, ArcGIS Online, ArcGIS Server, ArcGIS API for Ja-
vaScript, Survey123) that can be seamlessly integrated with each other: CAD data can be trans-
ferred to GIS data with built-in tasks for ArcGIS Pro, spatial data from Desktop GIS (ArcMap and
ArcGIS Pro) can be uploaded and hosted as web services with REST endpoint in ArcGIS Online,
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and these REST endpoints can be used in several web mapping applications, for instance with the
ArcGIS API for JavaScript. The application itself can be evaluated with Survey123 for ArcGIS.
Table 1 represents the different steps of our workflow, including the concrete process and the
software component that was used.

Tab 1: Workflow, processes and software components necessary to create the CRIS

Workflow Process Software
Generalization and inspection of CAD files

Data pre-pro-
cessing

Generating new CAD files ArcGIS Desktop 10.6

Projection ArcGIS Pro
ArcGIS Pro and ArcGIS
Online

ArcGIS Pro: ArcGIS In-
doors and ArcGIS Server

Create and publish campus basemap

Create building interiors
Create campus scene
Create and publish campus network

Data processing

Publish campus scene and locator layers ArcGIS Online
Web application Sgtthg up and configuring the 3D campus ap- | ArcGIS API for JavaScript
plication 4.4

First evaluation: design and visualization
Second evaluation: usability and utility

User studies Survey123 for ArcGIS

A similar approach for designing a CRIS was taken by WILKENING et al. (2018) for a campus
routing system at the University of Applied Sciences in Wiirzburg®. However, the CRIS for Wiirz-
burg was built from scratch, without making any use of templates. For the scope of this contribu-
tion, we used ArcGIS Indoors, which is a novel indoor mapping product provided by Esri*. ArcGIS
Indoors is a complete mapping system for assembling, managing and sharing building and campus
information. It is used for location discovery and wayfinding, asset management, operational data
analysis, and crowdsource reporting to keep the indoor environment functional. It constitutes a
“one stop-shop” application to complete all the necessary steps to generate a 3D CRIS.

At the time of our study, a beta version of ArcGIS Indoors was available, which consisted of two
major parts: (1) an ArcGIS Pro project including built-in tasks for all the necessary steps to com-
plete the data processing steps, and (2) a web application folder, which contains a set of folders
used to create a web application template.

ArcGIS Indoors covers the entire workflow for adding floorplan information to the ArcGIS plat-
form. Once the indoor CAD data are converted to GIS data in the ArcGIS platform, they can be
styled for 2D and 3D maps and scenes, published as web services, and consumed in a wide range
of applications. ArcGIS Indoors’ web application folder is based on the ArcGIS API for JavaScript
4.4, which is used for the map and interface visualization process and interaction, and contains
several HTML, CSS and JavaScript files.

3 https://gis.fhws.de/campus/campus_roeri_3D.html
4 https://www.esri.com/en-us/landing-page/product/2018/arcgis-indoors
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2.1 Case study: The Technical University of Munich (TUM) Campus

Our CRIS was implemented as a Master thesis project at the Technical University of Munich
(TUM). While the TUM facilities are located at several sites in the Munich area, we focus on the
main building of the Munich downtown campus at Arcisstral3e as a case study for the implemen-
tation of the Campus Routing Information System.

This campus represents an ideal example where the indoor navigation process is not an easy task
to handle, due to several reasons: presence of several buildings, many entrance points, different
numbering and naming systems for each individual building, lack of signage, continuous construc-
tion sites, several connection routes in several floor levels, connections between the buildings,
mezzanine floor levels, restricted access to several points, etc.

TUM provides different means to facilitate the process of indoor navigation: (1) floorplans at the
entrance of each building, and (2) a web application service “Roomfinder®. However, neither of
these options solve the indoor navigation problem to a satisfying degree, as they do not provide
room information, interactivity, 3D representations or options for route planning and communica-
tion.

LORENZ et al. (2013) state that existing indoor navigation systems make use of building blueprints
to represent interior spaces, but they do not fulfill cartographic requirements for map design and
visualization techniques. Moreover, WINTER et al. (2017) state that floorplan maps are notorious
for their difficult reading, require advanced mental rotation and orientation skills. These factors
impair efficient route finding also within the TUM campus to many users. Therefore, it is a crucial
task to develop a more suitable application for facilitating the indoor navigation process within the
TUM main campus.

3 Implementation steps: From CAD data to CRIS

In this section, we describe the workflow that we used to implement an interactive 3D web appli-
cation with routing functionality based on CAD files as input data.

3.1 Data pre-processing

ZLATANOVA et al. (2013) state that the software tools used for indoor modeling are largely generic
CAD or computer graphics tools. In addition, GOTLIB & MARCINIAK (2012) mention that the con-
ventional way of representing indoor spaces cannot be used in indoor navigation systems due to
the high level of detail, which will result in a cognitive load to the users. Therefore, to avoid con-
fusion coming from the highly detailed CAD files, a pre-processing step is highly required to create
a CRIS.

The CAD files for the TUM main campus were provided by the Chair of Cartography at TUM.
These files are in DWG file format, which is a proprietary binary file format for storing two- and
three-dimensional CAD data. Before converting these files to a GIS file format, a prior inspection
should be performed to check the validity of CAD data.

5 https://portal.mytum.de/campus/roomfinder
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Our pre-processing considered the following aspects of the CAD files:

e Generalization, to identify if the CAD files depict relevant information for facilitating us-
ers’ indoor navigation process.

e Categorization of floorplan lines based on their type (wall, door, window, stair, etc.), and
applying the same naming scheme across the building (i.e., if the interior wall is labeled as
“interior_wall” in one floor, it should have the same name in all the floors).

e Categorization of interior spaces based on their type (lecture hall, seminar rooms, office,
hallway, etc.), with the help of annotations. Annotations enhance the CAD files with tex-
tual information related to the space function and identification number.

e Projection of CAD files to a real-world coordinate system, to align the input data to the
right position in the map.

The data pre-processing constitutes a very important step, as it will provide the basis for all the
following steps. In order to create an effective and efficient CRIS, a lot of manual work might be
needed, whose benefits will be evident in the later steps.

3.2 Data processing with ArcGIS Indoors

Data processing makes use of the generated CAD files to create a customizable Indoor GIS and a
point-to-point routing network that connects all the indoor spaces into a single network. An Indoor
GIS does not only contain basemaps for visualization purposes, but also attributive data for the
features such as buildings, floors, floorplan lines (wall, stairs, windows, etc), and indoor spaces
(numbers, persons, room categories etc).

The data processing workflow includes the following steps: (1) creating building interiors, (2)
visualizing and designing a campus scene, (3) creating a campus network, and (4) creating the web
application. These steps are described in detail below.

3.2.1 Creating building interiors (CAD to GIS)

KRisp et al. (2014) point out that the functions of an indoor navigation system based on CAD file
format are very limited, as indoor knowledge also includes topological relationships between in-
door objects, which is not easy to identify. Indoor knowledge includes topological relationships
between indoor objects. Converting CAD files to a GIS file format solves this issue. Therefore,
this step constitutes the starting point in creating an Indoor GIS.

ArcGIS Indoors offers the possibility to add, view and manipulate CAD files. In addition, the
building attributes stored in the CAD files are automatically converted into an Indoor GIS, using
a configurable Excel file that is available in the ArcGIS Indoors download folder. This Excel file
contains building properties information, CAD layer mapping and file information, which can be
edited and modified.

The result of this CAD-GIS conversion step is an interactive 3D scene populated with building
floorplan lines, interior spaces, floor and building footprint (see Figure 2). These features consti-
tute the basis for our Indoor GIS and will be used further to visualize and design the campus scene
to create a cartographically appealing CRIS.
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Fig. 2:  The result of the CAD to GIS tool

3.2.2 Visualizing and designing a campus scene

The Indoor GIS layers can easily be styled and designed following cartographic design principles
and allow a 3D visualization for a more realistic perspective, based on their enabled Z-values. This
step was used to symbolize interior lines and spaces according to their type attributes and intended
usage, as well as to symbolize the building facade.

The process of symbolizing interior lines was used to select non-traversable wall lines that are
used to create the indoor network. Interior lines (walls and doors) are extruded to one-meter height
to create partial-height lines, which are adequate to see the floorplan layout in 3D and not obscure
the indoor route. The symbolization process of interior spaces was used to classify these spaces
based on their intended usage (i.e., office, lecture halls, library, toilets, etc.). To symbolize these
spaces, we applied a color-coded scheme. Furthermore, we used interior space polygons to gener-
ate interior space points (locator layers), which are used for network generation as “address” at-
tribute for locating and routing between the interior spaces in the TUM CRIS. The designed cam-
pus scene and the locator layers were published as web services with REST endpoint in the in the
cloud-based portal ArcGIS Online. These shared services formed the basis for the web application
(see 3.2.4).

3.2.3 Campus network

Creating a campus network constitutes the most important step of the campus routing information
system, as it enables a point-to-point routing in the campus routing web app. The campus network
is based on the shortest-route algorithm. This algorithm will create a lattice-based (fish-net) net-
work that covers every walk-able area of the building (see Figure 3).
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Fig. 3: Lattice-based network (detailed view in inset map on lower right corner)

The route is computed based on a more realistic approach of human walking behavior in open
spaces (walking diagonally instead of walking parallel to the walls). In addition to creating an
indoor campus network, ArcGIS Indoors offers the possibility to create and connect outdoor path-
ways around buildings in case the campus consists of several buildings. The developed CRIS for
the TUM does not yet offer the possibility of localization to the users. Therefore, the users need to
rely on visualized spatial structures such as doors, walls, windows, stairs, stair handlers, etc. to
identify their position and to navigate within the TUM building. As networks cannot be shared as
services to ArcGIS Online yet, we had to use our ArcGIS Server site to share the network as a web
service. Thus, the network could be used within the web application as the routing service for the
CRIS.

3.2.4 Web application

As described above, the ArcGIS Indoors ZIP archive contains a web application template based
on the ArcGIS API for JavaScript. By default, the web application displayed the Esri Campus in
Redlands, California. In order to display the TUM Campus data and the web services we created
in the previous steps, we had to modify the “config.js” file with the URL of the REST endpoint
and the ArcGIS Online portal IDs of the published services (campus scene, locator layers, and
campus network). The JavaScript file is highly customizable and allows several changes on design
and parameters.

The main view of the TUM CRIS is composed of a campus web scene in 3D view and various
functionalities like search panel, information panel and navigation buttons (see Figure 4).
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Rotate!

To activate Indoor Spaces change the 30
Scene View with the View Select button

Fig. 4:  The main view of the TUM CRIS upon launching the web application

These functionalities are designed to provide information and help users to interact with the sys-
tem, and presented in the form of toggle buttons. Each of these buttons contains information upon
hover. These functionalities are provided as part of the web application template.

Figure 5 demonstrates an example of the route communicated to the user via the TUM CRIS. The
dark-yellow 3D polyline displays the default route visualization that follows the stairs. An office
on the ground floor serves as the starting point of the route in the case study, while the destination
point is an office on the 5" floor. In addition, the side panel provides users with the time and
distance to reach the destination. If users toggle the “Need an elevator?” button, the route between
the two spaces is re-calculated and uses the closest elevator to generate a route to the destination.
This route is also represented in 3D and is visualized using a blue color.
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TUT] Campus Routing System
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Fig. 5:  Visualizing the default route in the web application

4 Evaluation

After implementing our CRIS for TUM, we conducted two user studies. The first study focused
on map design and visualization, while the scope of the second study was the usability and the
utility of the CRIS. The methodologies adopted for these studies varied from quantitative to qual-
itative, as well as mixed methods adopted for this purpose.

4.1 Map design and visualization

The first user study aimed to identify to which extent the applied designed principles for the mod-
eling of indoor spaces were appropriate, and how our CRIS can be further improved. Based on the
methods proposed by ROTH et al. (2017), the first evaluation is based on the expert-based method.
Expert-based methods solicit input and feedback about an interactive map from consultants with
training and experience in map and interface design and evaluation. It is important that an expert
is a person from outside the project team, as it is necessary that he or she has little or no prior
knowledge about the interactive map and the interface. Therefore, the selection of participants for
this user study was chosen based on their background.

Forty-one participants from different countries participated in this evaluation, of which 24 partic-
ipants were female and 17 male. The dominant age group of participants was 25 to 34 years. Most
of them had a cartography (18 participants) or geography (12 participants) background. The edu-
cational level of participants was distributed as follow: Master (23), Bachelor (10), PhD (5), and
higher than PhD (3).

The participants filled an online questionnaire designed with Survey123 for ArcGIS. In this ques-
tionnaire, participants were asked about their opinion regarding the applied design principles to
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visualize several indoor features. Most of the questions for this section were created in the form of
a comparative evaluation, where the users were provided with various design methods, illustrated
with screenshots taken from the CRIS. Afterwards, a statement was formulated to gather users’
opinion. The answers were collected on a Likert scale and the results gathered from them are il-
lustrated in Figure 6 below.

Statements Results

Transparent doors represent better
visualization option than opaque
doors

H
,§

12,20% = 14,63%

Walls and doors extruded to Tm
represent better visualization option
than extruded to the ceiling

36,59% 7,32% 7,32%

The 3D visualization of floor transition
elements (stairs and stair handlers)
represent a better option than a 2D
visualization

2,44% —2,44% —
41,46% I

To visualize the whole route from the
start point to destination, a fully
transparent  visualization of the
exterior walls represents a better
option than a textured model of the
building

Using different colours to differentiate
the route that follows stairs and/or
elevators will increase the users'
understanding of the route and will
improve the navigation

48,78% 9,76% 9,76%

2
S
g

. Strongly agree Agree Neither Disagree . Strongly Disagree

Fig. 6:  Users’ opinion regarding map design questions

In general, most of the participants (N=35) considered it easy or extremely easy (see Figure 7) to
follow the route and reach the destination with our CRIS. 31 participants were satisfied or very
satisfied with the 3D route representation (see Figure 8). Regarding advantages of a 3D map rep-
resentation for indoor navigation systems, about half of the participants named a realistic repre-
sentation as the biggest advantage, followed by the representation of vertical structures like walls,
doors and stairs.

10
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How convenient is it for you to follow the route and reach the
destination?

Extremely Hard h
Hard 7
Neither _
Easy |
Extremly Easy _H
(I) .'g 10 15 20 25 30 35

Fig. 7: Results of the question “How convenient is it for you to follow the route and reach the destination?”

How satisfied are you with the 3D route representation?

Very Dissatisfied h
Dissatisfied 7
Neither _
Satisfied 7
Very Satisfied _
0 5 10 15 20 25

Fig. 8: Results of the question “How satisfied are you with the 3D route representation?”

After gathering feedback from this first user study regarding map design and map usage of the
TUM CRIS, we developed the final version of the TUM CRIS based on the following design
principles:

e Doors are visualized with a level of transparency, where the route is always visible.

11
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e Interior features are extruded to 1m height to allow a visualization of the whole route and
visible floorplan.

e Stairs and stair handlers are visualized in a 3D representation to facilitate users’ indoor
navigation among floor levels.

e The textured model of the building is used as the main view of the TUM CRIS, and when
the users generate a route, the exterior walls of the building will be transparent.

e Two different colors are used to communicate the route that follows the stairs and elevators.

To test the effectiveness and efficiency of the final version of the TUM CRIS, a second user study
was conducted.

4.2 Usability and utility

The purpose of the second user study was to evaluate the usability and utility of the developed
CRIS for the TUM main building. The usability and utility were tested using a scenario-based
design, which implies the test persons were asked to navigate from their starting point to a desti-
nation point with the help of the CRIS. The evaluation process is built on the user-based methods
(ROTH et al. 2017), which solicits input and feedback about an interactive map and interface from
a representative set of target users. First-time visitors were chosen as the target group to test the
developed CRS because of their lack of familiarity with the TUM building. Their prior knowledge
of the building spatial structure, naming and numbering system, presence of landmarks, etc. will
not interfere during the interaction with the TUM CRIS. Additionally, they were chosen, since
they are an unacquainted user group. Hence, if a visitor is able to use and navigate with the TUM
CRIS, it is assumed that the CRS is effective and efficient also for everyday users of the TUM
premises (students and staff members).

A mixed method of quantitative and qualitative data was adopted for this evaluation. The user
study consisted of two main parts: (1) a user experiment conducted within the premises of the
TUM main campus building, (2) a questionnaire to gather feedback provided after finishing the
experiment. The study was conducted with five participants (3 males, 2 females).

Within the task, our participants were asked to identify their position in the building by using
structural features as orientation points, as our system did not feature any indoor positioning func-
tionality. All the five participants were able to identify their position, which was used later as
starting point or origin of the route. The next step was to locate a certain room with a certain
number. To solve this task, our participants had to make use of the search panel on the developed
CRIS. As part of the thinking aloud adopted method, the participants were asked to describe what
direction they had to follow to reach the destination. In addition to thinking aloud, users were asked
to determine their position related to other structural features (stairs, doors, and stair handlers) as
they moved along the route. Using these proposed landmarks, all participants were able to identify
their exact location. As part of the user observation method, participants used the system every
time they reached a decision point that required going up or down, or turning left or right. To
determine their next move, they used the zooming, panning and rotation functions of the system.
All five participants mentioned that they would like to use a similar indoor navigation system for
other indoor spaces in the future and agreed on the usability and utility of our system.

12
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Based on the feedback form, the following conclusions can be drawn for the interface design of
the TUM CRIS:

e The general information provided on how to use the TUM CRIS is relevant and useful.

e The search box to find an indoor space is easy to use.

e The process to generate a route between indoor spaces is easy to handle.

e The buttons and tooltips are needed and helpful to use the CRIS.

5 Summary and outlook

In this article, we have shown how to create and design a web-based 3D Campus Routing and
Information system (CRIS) that facilitates orientation on university campuses. This method can
easily be transferred to any other building complex and is not limited to university campuses. Many
further developments are expected for ArcGIS Indoors that were not yet part of the product when
conducting our study, such as a native mobile application or indoor positioning. Since most uni-
versities around the world can use the full stack of ArcGIS technology including a wide range of
apps, ArcGIS Server etc. within site licenses, these developments offer a wide range of possibili-
ties, both for developers and for researchers. Regarding future research questions, it is of particular
interest whether and to which extent CRIS actually help users in finding their way more efficiently
on campuses, and which elements of the CRIS contribute to this increase in efficiency. Regarding
the design of campus applications, our evaluation suggests that indoor structures should be visu-
alized with a transparent design, so that the route is always visible. This seems to be more im-
portant than a realistic opaque representation, which would imply that the thematically relevant
information (the route) was less salient.

Based on the results of the evaluation tests it can be concluded that the TUM CRIS is an indoor
navigation web based application, which makes use of structural features to plan and convey the
route to various users in an effective and efficient way.

While our user studies have shown that our participants enjoyed using the CRIS, this does not
automatically imply that a wide range of users would actually use this system on-campus: Most
people (still) tend to navigate indoors without maps. Thus, it remains an open question for future
research how a CRIS should be designed that users actually use it, and whether a CRIS actually
can improve human indoor wayfinding.
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