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Abstract

With the development of related technologies and tools, Geographic Information Systems
(GISs) have been widely used in different fields. GIS applications have provided sig-
nificant support for data analysis and visualization in some practical areas, such as urban
planning, building monitoring, and search and rescue operations. In recent years, advances
in Artificial Intelligence and Big Data technology have facilitated many Decision Support
Systems (DSSs) to be applied in professional areas. The applications of expertise DSS
have proven their stability and usability in different scenarios. The combination of GIS
and DSS is considered as a trend conducive to enhancing GIS capabilities.

This work investigates the integration of GIS and DSS. A generic architecture of GIS
for decision support is proposed based on the three-layer architecture commonly used for
information systems. In addition, a visualization framework based on categorized data
processing is proposed to guide the development of the user interface of this system.

We conduct two case studies about the usage of integration of GIS and DSS and imple-
ment two applications of GIS for decision support based on the proposed architecture and
framework. We validate the proposed architecture and framework through a conducted
evaluation experiment and analysis of results from a case study for Smart Building.
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Chapter 1
Introduction

In this chapter, the general background and motivation for the project are described in
Section 1.1 and Section 1.2. In addition, the objectives and contributions are presented in
Section 1.3. Finally, the outline of the thesis is presented in Section 1.4.

1.1 Background
The Geographic Information System (GIS) has grown from a privileged technology avail-
able only to few established institutions to an all-access platform available to the public
over the past half-century (Yuan, 2017). Nowadays, GIS has been widely used in different
fields (Egenhofer et al., 2016; Longley et al., 2015). A kind of significant use of GIS is
to help experts understand the complex and dynamic systems in their expertise to support
them in making analyses and decisions (Yuan, 2017). For example, the application of GIS
has achieved success in urban planning (Alhamwi et al., 2017; Kahila-Tani et al., 2016),
emergency response (Šterk and Praprotnik, 2017), market research (Orford, 2017), mili-
tary operations (Fleming et al., 2009), and criminal justice (Caplan et al., 2011; Chainey
and Ratcliffe, 2013).

Decision support systems (DSS) are computer-based information systems designed to
support complex decision making and problem solving (Arnott, 2004). Decision support
systems technology and applications have evolved significantly since the early develop-
ment in the 1970s (Shim et al., 2002). The development of artificial intelligence and
machine learning has made decision support systems more powerful, allowing experts to
benefit more form their use in professional tasks (Merkert et al., 2015; Safdar et al., 2018;
Baryannis et al., 2019).

At present, GISs used for decision support are often based on human analysis. GIS
still has a limited capacity to reason, induce, and deduce complex problems (Lü et al.,
2019). Usually, the support from GIS for decision-making is limited to presenting pro-
cessed geographic information or friendly data visualization contents so that users can
make decisions based on these contents (Crossland, 2008; Omidipoor et al., 2019). There-
fore, the combination of GIS and complex decision support systems is considered as one
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Chapter 1. Introduction

of the promising future trends (Rikalovic et al., 2017; Lü et al., 2019).
Experts believe that one big development in the future of GIS will come at the user

interface (UI) level, and it may be converged with 3D maps, indoor maps, augmented
reality (AR), and virtual reality (VR). 1 Traditional GIS is often equipped with relatively
monotonous expressions and interaction styles, which sometimes makes it difficult for
users to understand the system due to the differences in cognitive habits and professional
backgrounds of individuals. Therefore, The GIS with a more advanced and friendly user
interface is regarded as another future trend (Lü et al., 2019).

We expect to investigate and explore the combination of GIS and decision support
systems. On this basis, we describe an in-depth investigation into the user interface of
such a combined system.

1.2 Motivating Applications

This section presents some applications related to the use of GIS for decision support,
which have motivated our work.

1.2.1 Search and Rescue Operations

Suggested Rescue Routes

Figure 1.1: Both accident details and suggested rescue plans are presented by GIS to support
decision-making.

Search and Rescue (SAR) comprise the search for, and provision of aid to, persons,
ships or other craft which are in distress or imminent danger.2 The response time is a
crucial factor in SAR operations, which has a significant impact on victims’ survival rates
(Pitman et al., 2019). SAR organizations are expected to provide a quick response to the
accidents with the help of visualization and analysis tools. Various kinds of GIS for de-
cision support has been widely used in different SAR scenarios nowadays. For example,

1https://gis.usc.edu/blog/the-future-of-gis/ (As of June 2020).
2https://web.archive.org/web/20080803015913/http://www.casaraontario.ca/

˜webmaster1/Manuals/NationalSARmanual_full_english.pdf (As of May 2020).

2
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1.2 Motivating Applications

Rossmo et al. (2019) proposed a bayesian GIS analysis method to improve the perfor-
mance of SAR operations. Their research integrated search tracks and cell phone activity
into an optimal probability search map through Bayes’ theorem, which was displayed by
a GIS to provide decision-making support. Zhou et al. (2020) implemented a GIS as the
simulation and analysis tool for the maritime SAR. In their research, the developed GIS
was used to validate and evaluate various designed scenarios for SAR of maritime ac-
cidents. Fig. 1.1 presents another possible use of GIS for decision support in the ship
crash SAR operations. The GIS in this figure can provide the related information about
this ship crash incident and suggest proper rescue routes. Recently, the concept of AI-
SAR has been proposed, which is a kind of SAR system that can benefit from Artificial
Intelligence approaches. SAR operations are expected to receive more support from GIS
with the introduction of Artificial Intelligence. Usually, GISs used for decision support in
SAR operations require quick system response time, dynamic analysis capacities, effective
graphical interface, and different information visualization approaches.

1.2.2 Building Monitoring
The applications of GIS for decision support in building monitoring are usually conducted
from two perspectives. One is to monitor sets of buildings in a certain region. The relevant
scenarios are often associated with city management. For example, urban sprawl has been
regarded to have numerous negative effects on the environment and biodiversity, and the
GIS for urban sprawl monitoring can help city managers limit this phenomenon (Durieux
et al., 2008). Fig. 1.2 shows an example of the possible use of GIS for decision support in
urban management. The energy use of different living areas and working areas is displayed
by GIS to help city administrators analyze the energy consumption in this city to make
energy-saving plans. Similarly, noise is a significant health concern for people living in
urban environments. Deng et al. (2016) proposed an improved 3D GIS for showing the
impact of noise on all buildings in particular areas, which was expected to help urban
managers quickly judge noise and support their management plans.

Figure 1.2: Energy usage with time series is presented on a map-based interface.

Another use of applications of GIS in building monitoring is for monitoring several or

3



Chapter 1. Introduction

a specific building. One usage scenario is to help building managers to obtain the indoor
environmental quality in buildings through monitoring the data collected by various sen-
sors (Hua et al., 2014). Another example is to assist architects in designing and construct-
ing buildings by integrating GIS and Building Information Modeling (BIM) (Mignard and
Nicolle, 2014). For the GIS used in building monitoring, a 3D visual interface and 3D data
analysis capacities are commonly employed technologies.

1.3 Objectives and Contributions
Based on the background and motivation presented in the previous section, we define the
overall goal of this thesis:
Explore a generic approach to combining GIS with the complex DSS, and validate this
approach through the implementation of applications.

A set of research questions are defined below and investigated later to reach this goal
of the thesis.

• RQ1: How to propose a generic architecture of GIS that could be compatible with
complex decision support systems?
In this thesis, we investigate the proposed initiatives in the area and the current status
of GIS as well as related technologies and tools. We believe that such a architecture
can be proposed by considering the characteristics of GIS and DSS and modifying
the basic information system structure.

• RQ2: How to propose a development framework for the user interface of such a
system?
The presentation of information by the user interface is essentially a data visual-
ization problem. We concentrate on the data characteristics and propose a practical
framework for the graphical user interface of this GIS combined with DSS.

• RQ3: Is it possible to develop applications based on the proposed system architec-
ture and user interface framework?
In this thesis, we conduct two case studies and apply the proposed architecture and
framework to these cases. Case Study A concerns the development of an AI-SAR
application, which is a GIS used for SAR and expected to benefit from Artificial
Intelligence (AI). The other case involves an application for Smart Building, aiming
to help managers monitor and maintain their supervised buildings.

• RQ4: Would the applications based on the proposed system architecture and the
user interface framework be usable for users?
An evaluation experiment is conducted after the implementation of the application.
We validate the usability of the application through this evaluation.

The main contributions of this thesis are stated below:

• We propose the generic architecture of GIS for decision support.

• We propose a development framework for the GUI of GIS for decision support.

4



1.4 Outline of Thesis

• We implement the application for AI-SAR system based on the proposed architec-
ture and framework.

• We implement the application for Smart Building based on the proposed architecture
and framework.

• We evaluate the GUI of application Smart Building and analyze the evaluation data.

1.4 Outline of Thesis
The outline of the rest of this thesis is as follows:

• Chapter 2 - Background and Related Work Introduces some theoretical back-
ground and related research for the thesis.

• Chapter 3 - Generic Architecture of GIS for Decision Support Proposes the
generic architecture for suggested GIS for decision support.

• Chapter 4 - Case Study A: AI-SAR System Presents an application for the AI-
SAR case.

• Chapter 5 - Case Study B: Smart Building Presents an application for Smart
Building case.

• Chapter 6 - Evaluation and Discussion Presents the evaluation and discusses the
results.

• Chapter 7 - Conclusion and Future Work Concludes the thesis and discusses
potential future research venues.

5
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Chapter 2
Background and Related Work

In this chapter, different theoretical background and research initiatives conducted in rel-
evant fields related to our work are presented. Section 2.1 describes the definition and
development of GIS. Section 2.2 presents the related research on visualization in SAR op-
eration, while Section 2.3 describes the background of smart buildings and related work
of visualization for smart building and sensor data. Different libraries for web mapping
are elaborated in Section 2.4. An evaluation framework is described in Section 2.5.

2.1 Geographic Information System
According to Environmental Systems Research Institute, Inc. (Esri), “a Geographic In-
formation System (GIS) is a framework for gathering, managing, and analyzing data.”
It analyzes spatial location and organizes layers of information into visualizations using
maps and 3D scenes. The field of GIS started in the 1960s with the advent of computers
and the concepts of quantitative and computational geography. In 1963, Roger Tomlinson
developed the Canada Geographic Information System, regarded as the first computerized
GIS. As many researchers contributed to this field and computing became more powerful,
GIS went commercial in the 1980s.1

The theory, technology, and organization in the field of GIS have developed very
rapidly. Many different methods have been applied to GIS because of the diversity of
this field. Therefore, the definition of GIS has also changed over time (Maguire, 1991).
Dueker (1979), for example, defined that a “GIS is a special case of information systems
where the database consists of observations on spatially distributed features, activities, or
events, which are definable in space as points, lines, or areas.” Burrough (1986) considered
that a “GIS is a powerful set of tools for collecting, storing, retrieving at will, transform-
ing, and displaying spatial data from the real world.” With the growth of computer power
and data storage capacity, researchers usually have been paying more attention to the vi-
sualization of GIS in nowadays. National Geographic proposed that “GIS is a computer

1https://www.esri.com/en-us/what-is-gis/history-of-gis (As of June 2020).
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Chapter 2. Background and Related Work

system for capturing, storing, checking, and displaying data related to positions on earth’s
surface.” Some developers believe that GIS is the web or mobile app that can bring in data
and provide maps for their visualization and analysis.2

GIS allows organizations to organize and share complex information in ways that users
can easily understand. It has become an indispensable tool in urban planning, emergency
planning, disaster response, resource management, market research, military operations,
and many other fields (Chang, 2016). With the development of open-source mapping li-
braries and web-based tools, the combination of GIS and web technology has brought an
immense evolution to this field. Comparing to traditional desktop GIS softwares, which
are usually costly and requires extensive training, web-based GIS provides a cost-saving
solution (Mathiyalagan et al., 2005). Besides, Web-based GIS can greatly help geosci-
entists to speed up processes and work remotely; it also addresses some of the primary
challenges in geosciences evaluations (Alesheikh et al., 2002). Recently, web-based GIS
has been used by more and more researchers and developers, and the sector of web-based
GIS and distributed GIS services are growing exponentially (Mathiyalagan et al., 2005).

GIS supporting 3D data analysis has also captured the attention of researchers in recent
years. Ferreira et al. (2015) proposed a 3D framework to support decision-making in urban
development, which provided the visual interface in 2D and 3D perspectives and supported
visualization of both 2D and 3D data sets. Similarly, Doraiswamy et al. (2018) described
that existing GIS typically worked in 2D while the data and many phenomena related to
urban planning are inherently 3D. Their research investigated the spatiotemporal urban-
data analysis with a designed tool supporting data exploration in 3D and 3D complex
analysis.

2.2 Visualization in SAR Operation

During SAR operations, visualization of relevant information is necessary for Rescue
Commanders (RC) to analyze complex situations and then make proper decisions. Ge-
ographic Information System (GIS) has proven its advantage in information visualization
and management in public emergency treatment (Yang et al., 2006). Therefore, GIS is
widely used in SAR operations to help rescuers obtain accurate spatial and geographic
information.

Usually, the Geographic Information System applicable to search and rescue is more
complex (Ferguson, 2008). They need to cover multiple types of information and have
corresponding interaction functions. For example, if there is a vessel accident, at the mo-
ment of receiving the alarm to the situation, the GIS must be able to display the attributes
of the target vessel and the exact location of the accident according to the that vessel’s
ID, as well as display the temperature, wind speed, or other weather information of the
accident location and its surrounding area to help RC judge the situation and plan a suit-
able rescue operation (Siljander et al., 2015). After the rescue operation starts, the system
must support monitoring tasks, so that RC may become aware of the real-time status of
the accident situation and the status of the rescue team (e.g., helicopter or rescue vessel).

2https://www.geospatialworld.net/blogs/what-is-gis-definition-changed (As
of June 2020).
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2.3 Visualization for Smart Building and Sensor Data

Due to the complexity of the visualization in different SAR operations, researchers
often use various GIS applications according to the characteristics of SAR operations to
highlight critical information. Aronica et al. (2010) presented an agent-based system for
maritime SAR operations, where they developed a GIS based on the open source GIS
platform “OpenMap.” This GIS application provides a user interface to easily visualize
geographical coordinates on a geographic map, which is very vital in maritime SAR op-
erations. Also aimed at maritime SAR, Liao and Maofeng (2010) developed SARGIS,
which supports not only the analysis of geographic information, vessel movements, and
ocean environment data on its Graphical User Interface (GUI), but also the visualization of
oil spill simulations created to improve knowledge for dealing with oil spill pollution. Sim-
ilarly, there are many kinds of research for urban SAR operations. For example, Google
Earth is used as a 3D visualization tool in research about Geospatial Multi-agent System
for Urban SAR (Gaber et al., 2011). Bock et al. (2014) proposed a visualization system
in urban SAR operations, where the system can create interactive 3D rendering and anal-
ysis of access paths. For the SAR operations with the introduction of unmanned search
and robotic tools, the Command, Control and Intelligence (C2I) System is described by
Govindaraj et al. (2013). Their system supports the visualization of geographical data as
well as sensor data (e.g., 3D laser scans, GPS) from rescue robots.

2.3 Visualization for Smart Building and Sensor Data
The smart buildings are essential elements for building a smart city infrastructure. Au-
tonomous smart buildings are expected to provide a convenient environment for the res-
idents while reducing energy consumption and operational costs through integrated tech-
nologies (Eini et al., 2019). In the second half of the 1970s, the term smart building
referred to a building built with the concept of energy efficiency. A building that could be
controlled by PC is treated as a smart building in the 1980s. Now, the smart building con-
cept is often associated with the support of managing and controlling energy sources, ap-
pliances, and energy consumption, using communication technology (Morvaj et al., 2011).

The availability of data of buildings has attracted the attention of researchers. These
data are often collected by various types of sensors distributed inside or outside the build-
ing. In the past few years, research on visualization of smart buildings focused only on
visualizing sensor data in smart buildings. Ludwigsdorff et al. (2016) designed and de-
veloped an application for indoor environmental quality in smart buildings. This applica-
tion’s primary function was to visualize the indoor environmental state based on the data
measured by sensors. Eini et al. (2019) designed and implemented a testbed for a smart
building, and analyzed the collected sensor data from this testbed to study smart buildings.
Plageras et al. (2018) studied the collection, processing, and analysis of sensor data in
smart buildings. In their research, they proposed that the integration of Internet of Things
(IoT), Big Data, Cloud Computing, and Wireless Sensor Networks could support the im-
plementation of efficient solutions for smart cities. Bashir and Gill (2016) presented an
IoT Big Data Analytics framework for the storage and analysis of real-time data generated
from sensors deployed inside the smart building. Huang and Mao (2017) proposed a solu-
tion to estimate room occupancy in smart buildings, using visualization and data analysis
on the top of a hybrid wireless sensor network. Similarly, Schwee et al. (2019) described
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research on accurate estimates of occupant counts and environmental quality based on the
visualization and analysis of heterogeneous sensor data.

GIS is a very important visualization and analysis tool in the study of smart cities. A
large number of studies have proved the value of GIS in the field of smart cities (Naidu,
2018). Recently, the combination of GIS and smart building has become a new trend. For
example, Yamamura et al. (2017) conducted an assessment of urban energy performance
through the integration of GIS and Building Information Modeling.

2.4 Web Mapping Libraries
The development of web mapping and Web-GIS technology is the recent trend of geo-
graphic informatics. Traditional geographic information systems were usually confined to
specialized software on desktop PCs and could not be easily shared. A web map can be
reached by anyone from any device that has a browser and internet connection (Dorman,
2020).

2.4.1 Overview
In recent years, several general Web-based GIS frameworks and libraries have appeared in
both open-source and commercial fields. The characteristics of open-source and commer-
cial libraries are shown below:3

• Commercial Libraries/Proprietary Libraries (e.g., Google Maps, Esri ArcGIS, Bing
Maps):
- They are easy for user to use.
- They are usually maintained well.
- A lot of them are not free.

• Open-source Libraries (e.g., LeafletJS, Mapbox GL, OpenLayers, CesiumJS):
- They are free to use.
- Users can use them with less limitations.
- They usually have better transparency and extensibility.

The Google Maps Introduced in 2005 revolutionized online mapping service appli-
cations. It provides a robust set of components and services for developers to integrate
into their app. Google Maps JavaScript API was the most commonly used Maps API for
online mapping (Peterson, 2012). In the past, researchers usually used the Google Maps
API in their research (Hu and Dai, 2013). Nevertheless, many powerful open-source li-
braries have arisen and proved advantages from some aspects recently. Moreover, Google
changed its pricing model for maps in 2018, requiring an API key and billing account to
begin development with Google Maps, which means users were not free to use any longer.
Unlike the early domination of Google Map JS API, researchers today have more choices
for their research on web mapping.

3https://www.sitepen.com/blog/how-to-pick-a-web-mapping-library-for-your-app/
(As of June 2020).
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2.4 Web Mapping Libraries

Farkas (2017) believed that opposed to the slow reaction from the open-source seg-
ment of geoinformatics to proprietary desktop solutions (e.g., SYMAP or ARC/INFO),
the field of web-based GIS was quickly dominated by open-source projects. He listed
well-known libraries used for web mapping (Table. 2.1) and executed a competitive anal-
ysis for open-source libraries. In his conclusion, the OpenLayers libraries were the best
in the average score of each standard, the engine of CesiumJS was the best for rendering,
and the LeafletJS was notable for its lightweight nature and mild learning curve. If 3D
support is a hard criterion, CesiumJS could be more comfortable to extend, and LeafletJS
could also be considered because of its third-party extensions. However, OpenLayers was
incapable of creating 3D visualizations.

Table 2.1: Well-known libraries used for web mapping (Farkas, 2017).

Name License Classification Dependency

ArcGIS API for JavaScript Commercial Proprietary N/A
Bing Maps AJAX Control Commercial Proprietary N/A
CartoDB.js BSD 3-Clause Specific purpose Leaflet
CesiumJS Apache 2.0 Candidate N/A
Google Maps JavaScript API Commercial Proprietary N/A
HERE Maps API for JavaScript Commercial Proprietary N/A
ka-Map MIT Abandoned N/A
Kartograph GNU LGPL Abandoned Raphael
Leaflet BSD 2-Clause Candidate N/A
Mapbox JS BSD 3-Clause Specific purpose Leaflet
Mapbox GL JS BSD 3-Clause Specific purpose N/A
MapQuest JavaScript Maps API Commercial Proprietary N/A
Modest Maps BSD Abandoned N/A
NASA Web World Wind NOSA Candidate N/A
OpenLayers 2 BSD 2-Clause Candidate N/A
OpenLayers 3 BSD 2-Clause Candidate N/A
OpenStreetMap iD ISC Specific purpose D3
Polymaps BSD 3-Clause Abandoned N/A
Processing.js MIT Vector graphics N/A
Raphael MIT Vector graphics N/A

The web mapping libraries mainly involved in this thesis are LeafletJS, CesiumJS, and
the recently proposed library MazeMap JS.

2.4.2 LeafletJS

LeafletJS is an open-source Javascript web mapping library developed by Vladimir Aga-
fonkin and released in 2011. It has a tiny JavaScript code footprint of only 38Kb and most
of the mapping features that developers require. LeafletJS can work on almost all the ex-
isting desktop and mobile platforms (Neene and Kabemba, 2017). LeafletJS is scalable
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through a strong plugin ecosystem, which provides strong additional feature sets, making
LeafletJS as functional as other mapping libraries. Due to its extremely lightweight, ro-
bustness, and scalability, many commercial companies (e.g., Microsoft, Facebook, Pinter-
est, FourSquare, The Washington Post, GitHub) use LeafletJS in their products (Gaikwad
et al., 2018).

Recently, LeafletJS has been favored by researchers because of its simplicity and pro-
fessional performance (Edler and Vetter, 2019). For example, Lu et al. (2017) devel-
oped a visualization tool for air quality monitoring on an interactive web map created by
LeafletJS. Teslya (2014) implemented a free web mapping service for the mobile tourist
guide based on the use of LeafletJS. Edler and Vetter (2019) created an individual audio-
visual web mapping application based on LeafletJS, which presented that LeafletJS could
support a straightforward integration of multimedia content. Koyuncu and Özdemir (2016)
introduced a method for map geofencing based on real-time localization, in which they not
only utilized LeafletJS to generate the map, but also benefited from various Leaflet plu-
gins (e.g., Leaflet Draw for drawing and erasing shapes, Leaflet Fullscreen for fullscreen
display, Leaflet Realtime for GPS display, Leaflet Pip for judging a position).

LeafletJS is also used in the field of teaching. Roth et al. (2014) conducted an in-depth
and detailed competitive analysis study on existing web mapping technologies and eval-
uated them with the help of 21 participants. They pointed out that participants had more
positive emotional experience from using LeafletJS, and then decided to use LeafletJS as
the base JavaScript library for the advanced course, “Interactive Cartography and Geovi-
sualization” at the University of Wisconsin-Madison.

2.4.3 CesiumJS

CesiumJS is an open source JavaScript library for creating world-class 3D globes and maps
with the best possible performance, precision, visual quality, and ease of use.4 HTML5
and Web Graphics Library (WebGL) are the core of CesiumJS for hardware accelera-
tion, which facilitates high-performance graphics and visualization. It also provides cross-
platform and cross-browser functionalities without the support from other software (He
et al., 2016). CesiumJS is plugin-free and can load all sorts of geo-information, includ-
ing Shape Files, GeoJSON, Imagery, elevation data, and 3D and 2D vector data like 3D
models(Gutbell et al., 2018).

Researchers often use CesiumJS as their tool for studying web 3D mapping and spatial-
temporal visualization. He et al. (2016) developed a 3D GIS for power network based on
CesiumJS, which aimed to assist power management staff in inspection and maintenance.
Di Paolantonio et al. (2015) implemented the 3D virtual representation of drones’ flights
through CesiumJS. Tsai et al. (2016) studied the performance of CesiumJS on 3D map-
ping and compared it with Google Earth Enterprise. Kang et al. (2018) researched the
visualization and analysis of spatial temporal data with the help of CesiumJS.

4https://cesium.com/cesiumjs/ (As of June 2020).
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2.4.4 MazeMap
MazeMap is a platform for indoor maps and wayfinding. It started as an indoor/outdoor
wayfinding application (called CampusGuide earlier) offered by NTNU and Wireless Trond-
heim, used for the main Gløshaugen campus of NTNU (Biczok et al., 2014). With devel-
opment since the fall of 2011, Mazemap now provides not only a massive set of indoor map
collections (e.g., universities, hospitals, venues, and hotels), but also different solutions to
the public (e.g., indoor positioning, meeting room visualization, data export).

MazeMap has released the Mazemap JavaScript API for developers to use Mazemap
maps and data. The MazeMap JavaScript API was built on top of the LeafletJS, and
some objects used in MazeMap JavaScript API inherit from Mapbox GL JS. Compared
to LeafletJS and CesiumJS, MazeMap JS is not such popular. However, its simplicity for
handling indoor mapping contributes to its adoption in several applications.

2.5 Evaluation Framework for Visualization
At present, there is a lack of a consistent widely-used framework for the evaluation of
visualization methods. Usually, the particular evaluation methodology is used for each vi-
sualization research work (Pinto-Cáceres et al., 2011). Previous researchers have proposed
the evaluation framework and apply it to their research. A framework known as DECIDE
has been adopted to guide many evaluations (Preece et al., 2002). This framework contains
six procedures for evaluation:

• Determine the goals. The first step of an evaluation is to define the high-level goals.
The determined goals influence the evaluation approach and guide this evaluation.

• Explore the questions. To achieve the goals, questions must be defined to obtain the
evaluators’ opinions.

• Choose the evaluation paradigm and techniques. After the goals and main questions
are determined, the evaluation paradigm and techniques need to be chosen according
to the actual situation of evaluation.

• Identify the practical issues. In the next step, the practical issues such as users,
equipment, materials, schedules, and budgets involved in the evaluation should be
identified.

• Decide how to deal with the ethical issues. Ethical issues should also be considered
before evaluation experiment. For example, people’s privacy should be protected.
Personal records like health, employment, and financial status should be confidential
unless they give permission.

• Evaluate, interpret, and present the data. The final step is to analyze everything
obtained from this evaluation.

Some researchers have made successful evaluations based on this framework. For ex-
ample, Pinto-Cáceres et al. (2015) evaluated a framework for interactive search in Image
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Retrieval Systems, which was guided by DECIDE and provided very positive results. Kan-
tosalo et al. (2015) adopted the DECIDE framework and conducted a human-computer co-
creativity system evaluation for designed Poetry Machine. In later chapters, we will follow
the DECIDE framework to evaluate a GUI of GIS application based on user judgement.
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Chapter 3
Generic Architecture of GIS for
Decision Support

In this chapter, the generic architecture of GIS for decision support is proposed. We de-
scribe this proposed architecture and the concepts behind it in Section 3.1. Further, we
introduce the framework for data visualization and development of GUI on the Presenta-
tion Layer of this system in Section 3.2.

3.1 System Architecture

As we mentioned before, the main objective of this thesis is to explore the structure of the
GIS for decision support and apply this system in two usage cases. In this section, the
fundamental architecture of this system is introduced, then we describe each component
of this system and explain the benefit of this architecture.

Fig. 3.1 shows our proposed architecture of GIS for decision support. It is based on
the well-known three-layer architecture, which is commonly used for information systems
with user interface (Larman, 2005). Considering the application for GIS and the expec-
tation to provide users with decision-making support, we suggest this architecture on top
of the classic three-layer architecture. Our proposed system includes three layers and one
subsystem. A brief explanation for these components is provided below.

• Presentation Layer: Presentation Layer is where the system presents its capabili-
ties. The Presentation Layer is the frontest layer of a system, which is designed to
interact with users. It involves the user interface (UI) that users could access by the
web browser or pre-downloaded application.

• Control Layer: Control Layer is where the system governs the process and drives
the capabilities. It comprises the performing of the commands, coordination for
different components, and processing of data.
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Figure 3.1: Architecture of GIS for decision support.

• Repository Layer: Repository Layer is where the system stores application data.
The data could be retrieved from local or online repositories and file storage system.

• Decision Support Subsystem: It is an extension of decision support for this system.
As a subsystem, this component is independent of the other three layers. It should be
able to retrieve data from other layers and output results. The decision Support Sub-
system could be a simple extension that contains some functional logic for making
decision and evaluation, or an artificial intelligence system for one application.

Since the proposed structure is based on the classic three-layer architecture, it inherits
the advantages of such architecture:

• Because each layer is independent of each other, the modification or testing of each
layer will not affect the normal functions of other layers, which facilitates the devel-
opment and future maintenance.
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• Separating the system into multiple layers makes it possible to scale one particular
layer at any time according to new requirements, which can improve the perfor-
mance of system.

• The logic is more precise during the development of the system, which makes it
more convenient to specify the plan of development. It allows each part of develop-
ment teams to focus on the areas of their expertise.

In this architecture, the element of decision support is set up as a subsystem indepen-
dent of the remaining three layers, which gives the decision support better extensibility,
maintenance, and flexibility. As an independent component of the system, the Decision
Support Subsystem essentially has the advantages as mentioned above. The modification
and replacement of the Decision Support Subsystem will not affect the remaining mod-
ules, so the necessary capabilities of the system as GIS can still be guaranteed. From the
perspective of application, executing the Decision Support Subsystem separately from the
Control Layer can improve the function of decision support for users. Decision Support
Subsystem is connected to the rest of the system only through the data flow. This data-
oriented structure allows the Decision Support Subsystem to have higher freedom, which
gives application more usage possibility, and better efficiency in utilization.

3.2 Framework for Data Visualization on User Interface
The Presentation Layer is the carrier of the UI and the window where the system expresses
functionality. It determines if a system is usable by users. In this thesis, we carry out a
lot of research around this layer. An essential function of the UI of GIS is to display
information to users through data visualization. Therefore, based on the data-oriented
principle, we divide the data to be visualized into three categories:

• Mapping data: Mapping data represents all the data that the Map Rendering Engine
uses to construct the underlying map.

• Environmental data: Environmental data refers to environmental information in
scenes related to targets. The UI uses it to represent the environment in which the
objects are located.

• Application object data: Application object data is the data regarding objects that
the user cares about in the application.

If we take a traffic monitoring GIS with a map-based GUI as an example, the mapping
data refers to the traffic map (e.g., the layout of streets, distribution of crossroads). The data
of the traffic lights can be regarded as the environmental data, and the vehicle information
(e.g., speed, location) is the application object data in this case.

Fig. 3.2 shows the basic framework for data visualization on GUI. We assign three
modules to visualize the data of three categories, respectively. By classifying the data
obtained from the Control layer and visualizing them by different categories, the system
could provide a clear graphical interface and make the implementation of application more
manageable.
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Figure 3.2: Proposed framework for data visualization.
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Figure 3.3: Framework for GUI in a GIS for decision support.

Since the GUI needs to provide the function of interacting with the user, in addition
to data visualization, it should also have a module that receives and perform instructions
from users. On the top of framework for data visualization, we extend our framework
to the Presentation Layer. Fig. 3.3 shows the framework for GUI on the Presentation
Layer. Excluding the visualization module, there is also a GUI Controlling Module on the
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Presentation layer, which is in charge of coordinating the visualization module and ob-
taining users’ commands. GUI has some control panels that can receive instructions from
users. These instructions will be translated into logical commands by the control panel
and passed to GUI Controlling Module. GUI Controlling Module will send commands to
the visualization modules after it executes the logical commands. Then three visualization
modules would adjust the data visualization on GUI as users required.
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Chapter 4
Case Study A: AI-SAR System

This chapter will start with an overview of AI-SAR system in Section 4.1, where the
structure, standard, and some characteristics of the AI-SAR system are described. Then a
GIS application based on the proposed GIS architecture is presented. It includes the illus-
tration of the architecture in Section 4.2, the description of the Graphical User Interface
(GUI) in Section 4.3, and presentation of implementation aspects related to the design and
development of this application in Section 4.4.

4.1 Overview
Normally, after receiving relevant alarms, Search and Rescue organizations or institutions
will quickly act in the SAR center. Rescue Commanders (RCs) will analyze the situation,
plan actions, and organize rescue. At present, analyzing, planning, and organizing SAR
missions are based on RC’s professional training and past rescue experience. For the ex-
isting solution, the efficiency of the Search and Rescue is limited by the personal ability of
the RC, and the ability of reflection on missions is limited (Varlamis et al., 2018). Artificial
intelligence is expected to be an extension of human capabilities. When in the face of an
emergency, if the analysis and decision of RC can be assisted by artificial intelligence, it
is likely to improve the efficiency and success of missions significantly, thereby protecting
the personal and property safety to a greater extent (Bakhshipour et al., 2017). Therefore,
AI-SAR, as a new concept, is expected to help the RC optimize SAR missions.

Fig. 4.1 shows the proposed workflow of SAR operations with the help of a GIS
application with AI support. The top part in this figure is the standard internationally
agreed SAR stadiums (also called IAMSAR standard), and the bottom part is a GIS that
can benefit from the decision support system (e.g., new Knowledge System, AI support).
Throughout the whole SAR operation, the RCs are expected to have frequent communi-
cations with the GIS and obtain feedback for supporting decision-making. Therefore, we
need a GIS that can be in charge of both the user interface and information analysis.

As mentioned in Section 2.2, GIS applications for SAR are relatively complex. Com-
pared with standard SAR systems, due to the introduction of AI, GIS applications for
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Figure 4.1: Architecture for AI-SAR system.

AI-SAR systems are expected to be complex. It must not only include all functions of
existing GIS for SAR, but also can process the analysis data transmitted from AI and dis-
play it to RC instantly. For example, when the SAR center loses the signal of the wrecked
ship and cannot obtain its current position, the AI subsystem is expected to calculate the
predicted location or route in its geographic model based on the position, speed, direction,
and weather information from the last report. This requires that the GIS can not only ob-
tain and display the analysis transmitted by AI, but also be able to transmit the required
data to AI in time. In this context, an application based on the proposed architecture is
developed for AI-SAR system.

4.2 Architecture
In this section, the architecture of this GIS application for AI-SAR system will be given.
It is based on the basic architecture of GIS for decision support and has been optimized
according to the requirements of the target system.

Fig. 4.2 presents the structure of our GIS application, which consists of three major
layers and one support subsystem: Repository Layer, Control Layer, Presentation Layer,
and AI System. The Control Layer is in charge of controlling and coordinating. It classifies
and integrates the data obtained from the Repository Layer, and then sends this information
to the Presentation Layer. Moreover, the Control Layer may also need to deliver feedback
from the Presentation Layer to the Repository Layer. The Repository Layer is where the
system obtains related information (e.g., spatial data, weather data), which may be stored
locally or available in public repository. The Presentation Layer is a user-oriented layer.
This layer presents the integrated information to the users through a clear and friendly user
interface, and receives the feedback or instructions from users.

The AI System is expected to be an independent subsystem of this GIS. Since this
GIS is expected to benefit from AI, it is indispensable for GIS to obtain the information
transmitted from AI System quickly and accurately, and a large amount of information
from the GIS will be sent to AI for real-time analysis.

The Repository Layer mainly contains data that needs to be presented to the user.
Based on the requirements for this GIS, these data need to include not only geospatial
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Figure 4.2: Architecture of GIS application for AI-SAR system.

data, but also weather and traffic data.
The Control Layer is responsible for filtering and sorting the data obtained from the

Repository Layer and distribute it to the corresponding modules in this system. It also
forwards feedback from users to the Repository Layer.

The main component of the Presentation Layer is a real-time map interface, which can
also be divided into several layers. The first and most basic one is the Base Map Layer,
which is the layer that contains basic geographic information like terrain information,
road information, and other static information. The weather information is dynamic, such
as wind, ocean current, rain or snow. This information is included in the Weather Layer
and presented to the users. The most complex part of this real-time map is the Object
Layer. The Presentation Layer obtains the classified marine traffic data from the Control
Layer. These different marine objects belong to different classes (e.g., harbor, vessel)
and are displayed on the map using different identifiers. The Attribute Layer is used to
present the attributes of each object. It includes identification information, such as ID,
current position, which is directly derived from the Marine Traffic database, and also the
information used for operation simulations. The Probability Layer is another part of the
Object Layer, where the map presents probability analysis (or hypothesis) obtained from
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the AI System. AI will give hypothesis and predictions after receiving the current target
object’s position, speed, direction as well as local weather information. This analysis from
AI will be presented by the Probability Layer as probability map or predicted path on
the Presentation Layer. The Coordination Functions are connected with the controlling
module, which can help the users to locate an object or one class of objects quickly and
conveniently by using searching, filtering, or tracking.

4.3 A Multi-layer Map Interface
In this section, we will present the user interface for this GIS application, which we de-
scribe as a real-time map on the Presentation Layer in the previous section, and display
how to visualize different types of data through a multi-layer map interface.

The web-based GUI is implemented by JavaScript and built on top of the LeafletJS
library. For the base map, we use the Static Tiles application programming interface (API)
to get map data from an open-source map and obtain nautical map data by Web Map Ser-
vice (WMS) from the online database of the Norwegian Mapping and Cadastre Authority.

4.3.1 Map Structure
We suppose that Rescue Commanders need to use this application to obtain search and
rescue information. After running the application, they will see a 2D map with a lot of
information, centered on the coast of western Norway. On the ocean, there are signs such
as depth, fairway, and lighthouse range. They can see some ship, harbour, or helicopter
icons on the map, and click on them to see detailed information about the object of interest.
RC can also observe the cloud cover or wind speed through the button box in the upper
right corner of the map, or click on a specific location to get the temperature, pressure,
humidity and other weather information at that location.

From the perspective of the Presentation Layer, this 2D map comprises three kinds of
map layers, as shown in Fig. 4.3:

• Base map layer: This layer only covers the most basic information of the map. The
description for this layer is detailed in Section 4.3.2.

• Weather map layer: This layer contains all environmental information for this Ge-
ographic Information System (e.g., weather, temperature), which is detailed in Sec-
tion 4.3.3.

• Object map layer: A map layer is particularly used to present information of objects
and the analysis from the AI System. The implementation of that AI System is
not covered in this study, so Section 4.3.4 would only illustrate how this 2D map
visualizes AI analysis.

4.3.2 Base Map Layer
The base map layer is the bottom layer in this map, which includes the fundamental geo-
graphic information. This layer is mainly implemented by map tiles. Those tile images are
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Figure 4.3: Three map layers.

mostly static, so this layer is usually consistent during the entire application run. Fig. 4.4
shows an example of a screenshot of this application with the base map layer only. We can
see that the map information displayed on this layer usually does not change over time,
such as the depth contour of the ocean, the location of airports or harbours, the marine
traffic fairway for ships, and areas where there are often dangerous waves.
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Figure 4.4: Base map layer.

Figure 4.5: A Popup box displays weather information.

4.3.3 Weather Map Layer

The Weather map layer concerns the part of the Weather Layer for the structure described
in Section 4.2. This layer contains more complex map content, such as the wind speed
at a particular location, or the cloud map in one area. This content is often dynamic or
semi-dynamic, so this layer needs to receive data from the data management component
continuously. For example, Fig. 4.5 presents an example showing the weather information
for a clicked position on the map. The application obtains the latitude and longitude of the
location, and then sends a request to the server of a weather information system. After
compiling the weather data received from the server, the application will display it to the
RC on this layer.

4.3.4 Object Map Layer

The Object map layer is especially used by the map to show the data related to objects
users care about, as well as the results of AI analysis. This layer is expected to have more
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frequent communication with the data management component and the AI system.

Figure 4.6: A Popup box shows object identification.

Fig. 4.6 shows an example of a screenshot from this application showing vessel in-
formation. Suppose the RCs want to obtain the detailed information of a vessel, they can
find their target through the filter or search function, click on the target’s icon, and a box
containing the target’s detailed information will pop up on object map layer. To obtain
this information, the Control Layer sends a request to the Repository Layer through the
data management component. After the data management obtains detailed information of
this vessel from the Repository layer, it will forward this information to the Presentation
Layer, and then the 2D map will display what the RC need.

Figure 4.7: Historical path of the rescue helicopter.

Path tracking is used in situations in which the RC wants to analyze the current status
of an object for its previous track or to reflect on the plan of action (Ulmke and Koch,
2006). Fig. 4.7 shows an example of the simulation of a rescue helicopter’s track, where
the blue line shows the historical path of the rescue helicopter. The system imports the
GPS records from the action log of the rescue helicopter from the Repository layer to the
Presentation Layer and then displays it to the RC by the map.
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Figure 4.8: Visualization of AI analysis.

Fig. 4.8 shows an example of how the map presents AI analysis. An area showing
probability is presented to RC by the map on this layer, which means in this circle you
have such probability to find this object according to analysis from the AI system.

4.4 Implementation
This section describes the implementation of this AI-SAR application from the perspective
of the system. In the previous chapter, we have illustrated the benefit of visualizing data
by three categories. We will describe the details on how to implement data visualization
on the Presentation Layer for mapping data, environmental data, and application object
data in Section 4.4.1, Section 4.4.2, and Section 4.4.3, respectively.

4.4.1 Mapping Data
Mapping data are used to construct the underlying geospatial map on GUI. When the
system engine renders the application scene, the geospatial map represented by mapping
data is generated first. The mapping data are usually static during the running of the
application, so the map rendering engine only needs the geospatial coordinate system value
rather than time value.

Fig. 4.9 shows the process of mapping data visualization and reveals how the differ-
ent components of the system participate in this. In the figure, the solid line indicates
the internal data flow in the system, while the dotted line means the information from the
user. The ellipse refers to the database on the Repository Layer, and the square indicates a
component or state of the system. First, the system has a pre-set initial map state. Accord-
ing to this state, the Control Layer will query the Repository Layer for the needed data.
After obtaining the raw data returned from the mapping data database, the Control Layer
will process the data and bind it to a location (x,y,z). Here x means latitude and y means
longitude, z is the zoom level. After these data are transmitted to the Presentation Layer,
the data visualization modules will display them on the GUI. When the GUI receives the
user’s operation, what the Presentation Layer showing to user need to be changed. At
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Figure 4.9: Process of mapping data visualization.

this time, the Presentation Layer will send a request to the Control Layer according to the
geospatial map content that needs to be displayed for user. Then the Control Layer will
send a query to the Repository Layer again. The system will repeat the above process at
the running time of application.

4.4.2 Environmental Data
In the AI-SAR system, environmental data refer to the weather condition, temperature,
air pressure, humidity, and wind speed at a particular location on the map. Similar to the
Presentation Layer which needs the value of x, y, z to visualize mapping data, this layer
needs the value of x, y, t (time) to visualize environmental data.
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Figure 4.10: Process of environmental data visualization.

In order to save resources, the system would not perform environmental data visual-
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ization before receiving the user request. After the user makes an operation that requires
environmental information in one position on the map, the Presentation Layer will send
the latitude and longitude of this position and the timestamp of the user’s operation to the
Control Layer. The Control Layer would send a query to the dynamic environmental data
database on the Repository Layer based on (x, y, t). Then the Control Layer will process
the data from the Repository Layer, and translate it into the data understandable for the
Presentation Layer. The data visualization modules on the Presentation Layer will display
required environmental information on GUI. Fig. 4.10 illustrates this process.

Unlike the process of mapping data visualization, the process of environmental data
visualization is only executed when requested by the user. A function addlistener() is
deployed on the Presentation Layer, which is used to listen to user’s operation about envi-
ronmental data. Only when this listener function is triggered, the system will execute the
process.

4.4.3 Application Object Data
In the AI-SAR system, application object data represents all data belonging to our SAR ob-
ject (ships, helicopters, and harbors). These data include not only their primary attributes
(e.g., name, ID), but also the system’s support analysis (e.g., probability hypothesis).
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Figure 4.11: Process of application object data visualization.

Fig. 4.11 shows the process of application object data visualization and the cooperation
of entire system. When the system is initialized, the Control Layer sends a data query
to the Repository Layer and receives the data set containing the ObjectID, ObjectType,
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ObjectName, time, icon, location, etc. After the translation and classification of the data
set by the data processing module, the data visualization modules obtain the processed
data and visualizes a part of the application object data through the function printObject()
(Algorithm 1). The purpose of this function is to divide the objects into different sets by
checking the type of the objects, so that the GUI can display them on the map separately.
The advantage of this is that it is convenient for the map rendering engine to generate
targets on the map. It is also easy for users to perform related operations.

For the remaining application object data, the Presentation Layer sets a series of lis-
tener functions for user operations. If the user uses a classification function on the control
panels of the GUI, a listener function will be triggered, and the GUI will assign instruction
to the GUI Controlling Module. The purpose of the GUI controlling Module is to coordi-
nate the data visualization modules to perform the required data visualization through the
internal functions. If another listener function obtains the user’s request for SAR operation
simulation, the GUI will demand the data visualization modules through GUI controlling
module to animate the simulation process. Then, the data visualization modules will ex-
ecute GPXmotion () function designed for SAR simulation visualization. Similarly, if the
user wants to request decision support, a listener function will translate the command to
the AI support subsystem. After the analysis of components in the AI support subsystem
is finished, the analysis result will be transmitted back to the Presentation Layer, and then
the data visualization modules will implement the hypothesis data visualization through
the ProbabilityDisplay() function (Algorithm 2).

Algorithm 1 printObject()

1: procedure PRINTOBJECT(O)
2: O ← list containing all objects
3: o.T ← type of this object
4: S ← list containing all ships
5: H ← list containing all harbours
6: A← list containing all aircraft
7: for each o in O do
8: if o.T = ship then
9: ADD(S, o)

10: else if o.T = harbour then
11: ADD(H, o)
12: else if o.T = aircraft then
13: ADD(A, o)
14: end for
15: PRINT(S)
16: PRINT(H)
17: PRINT(A)
18: end procedure
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Algorithm 2 ProbabilityDisplay()

1: procedure PROBABILITYDISPLAY(Op, P)
2: Op ← list containing all objects with probability
3: P ← list containing all probabilities
4: o.p← probability for this object
5: if o in Op then
6: for each o in Op do
7: FIND(o.p, P)
8: PRINT(o.p, o)
9: end for

10: end procedure
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Chapter 5
Case Study B: Smart Building

This chapter concerns a case study on Smart Building. We have implemented a Smart
Building application based on the proposed architecture. The chapter starts with an overview
of the Smart Building application in Section 5.1, and continues with a presentation about
how this application is structured in Section 5.2. After that, the GUI of this application is
described in Section 5.3. The chapter ends with providing some details from the imple-
mentation aspects in Section 5.4.

5.1 Overview
The Smart Building application is designed to help managers understand the conditions
of their supervised buildings, thereby improving their internal environment by possibly
actively responding to problems, executing, and updating maintenance plans. Information
about buildings usually has geographical characteristics, and managers often need the help
of decision support systems. Therefore, we investigate the use of our architecture of GIS
for decision support in the context of a Smart Building application.

Assuming that a manager needs to keep track of environmental conditions of several
buildings, a GIS for decision support would be of great value in such management ac-
tivities. First, this system can store and process data about managed buildings. Second,
this system can provide a visualization tool to help him/her receive and analysis this in-
formation more intuitively. Third, after obtaining this information, the system can support
analysis and decision-making. We also consider that for such application, the following
factors should be taken into account:

• The map-based GUI must be straightforward for managers to perform and the geo-
graphic information available for supporting the decision-making process needs to
be clear and concise.

• It should be easy for users to distinguish the scenes from inside and outside the
building.
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• For data visualization, the GUI needs to ensure the accuracy of real-time data and
also to be applicable to the display of historical data.

Based on these considerations, we implemented a Smart Building application on the top
of our proposed architecture.

5.2 Architecture
In this section, the architecture of the devised Smart Building application is described.
Considering the purpose of this application, we suggest a structure of a GIS with a more
complex Presentation Layer based on the basic architecture of a GIS for decision support.

Figure 5.1: Architecture of the designed Smart Building application.

Fig. 5.1 presents the suggested architecture of Smart Building application, which is
comprised of three layers and one decision support subsystem: Repository Layer, Control
Layer, Presentation Layer, and Indoor Environmental Quality Analyzer.

The Repository Layer is where the system stores the relevant data that we divide as
mapping data, environmental data, and application object data. For the Smart Build-
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ing application, these three classes of data would be Indoor/Outdoor mapping data, In-
door/Outdoor environmental data, and collected sensor data, respectively. The mapping
data for indoor and outdoor maps are from the open-source map database and obtained
by the system as images. The outdoor environmental data are mainly provided by online
repository, and the indoor environmental data refer to data obtained from local environ-
mental sensors. The collected sensor data represent application object data in this appli-
cation, which will be processed by the system and displayed on GUI so that the user can
obtain the information for objects of Smart Building application.

The Control Layer is in charge of processing the data from the Repository Layer and
transferring data flow between layers or between a layer and the analyzer subsystem. In the
Smart Building application, the Presentation Layer is required to visualize various types
of data in multiple approaches, so the essential function of the Control Layer is to translate
the data into the form that Presentation Layer requires and transmit translated data to the
corresponding visualization modules on the Presentation Layer correctly.

The Presentation Layer mainly consists of the GUI of this application and two func-
tional modules. The GUI is where the system presents its capabilities to users and receives
user interaction. It contains a 3D outdoor map for visualization of the building’s condi-
tion and a 2D indoor map to visualize the environmental quality of rooms. The outdoor
map can be divided into three layers: Outdoor Base Map Layer, Outdoor Environment
Layer, and Outdoor Object Layer, for displaying three categories of data. The Outdoor
Base Map Layer is where the GUI renders the underlying map of this 3D map; the out-
door mapping data originally from the Repository Layer are presented here. The 3D map
rendering engine would visualize the outdoor environmental data like the sunlight onthe
Outdoor Environment Layer. Outdoor Object Layer is used to contain the objects of this
3D map: buildings, where the map rendering engine would display all information related
to objects.

Similarly, the indoor map can also be divided into three layers: Indoor Base Map Layer,
Indoor Environment Layer, and Indoor Object Layer. Another map rendering engine for
2D map visualizes indoor mapping data (e.g., the number of floors, the layout of rooms)
on the Indoor Base Map Layer and indoor environmental data (e.g., the occupancy of
space, indoor activities) on the Indoor Environment Layer. Since rooms are the objects
users care about on the indoor map, the data for each room of a building are visualized on
the Indoor Object Layer. Moreover, the analysis results from the Indoor Environmental
Quality Analyser would also be presented on this map layer to help users understand the
situation of rooms. Due to the complexity and diversity of sensor data of rooms, the GUI
deploys a Dashboard Module to display sensor data at the current or past moment.

The data visualization modules are connected to the different map layers on the GUI
and used to change the content of visualization on the Presentation Layer. The GUI Con-
trolling Module can help the Presentation Layer to convert user interaction received from
the GUI into logic commands. If the Presentation Layer could implement the user’s re-
quirement internally, these commands will be passed to the Data Visualization Module,
and then the data visualization modules can execute corresponding adjustments on the
GUI. If the request from the user requires cooperation from the other parts of this system,
the Presentation Layer will forward the commands to the Control Layer. After executing
commands, the Control Layer assign the tasks to corresponding components to implement
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the user’s requirement.
The Indoor Environmental Quality Analyser is the decision support subsystem that

assists users to analyze the data for indoor environmental quality. It is expected to evaluate
the indoor environmental quality according to the collected sensor data transferred from
the Control Layer and send analysis results to the Presentation Layer. This subsystem
could contain a mathematical model for indoor environmental quality, a relevant expert
system, or just some simple evaluation criteria set by users.

5.3 Double-scale Map Interface
This section illustrates the Graphical User Interface (GUI) of this application, which mainly
contains one 3D outdoor map and one 2D indoor map. The structure of this double-scale
map interface is presented first to give the reader a brief understanding of the GUI. Then,
we will describe how to visualize the data related to the indoor the outdoor scales on a
single-map interface.

5.3.1 Map Structure
As mentioned before, a map-based interface is an essential part of a GIS application. For
the managers of one particular or various buildings, the map-based interface can help them
understand the environmental conditions so that they can properly arrange maintenance
measures. Also, when buildings are encountering some abnormal situations, the map-
based interface can help managers quickly address the location, time, and reason, thus
enabling them to take actions as soon as possible. In summary, the map-based interface
can help them effectively obtain feedback from the decision support system and assist
managers in making accurate and quick decisions.

On the one hand, maintenance personnel or managers need to pay attention to the
overall situation of the building by comparing its conditions with those of other buildings.
On the other hand, the internal situation of each building provides valuable information
about specific locations. For example, information about space occupancy of one floor
or the environmental quality of each room could be used to trigger specific maintenance
operations. Therefore, based on managers’ needs, we have proposed a double-scale map
interface for Smart Building.

Fig. 5.2 shows the basic structure of the map interface. It can be divided into one 3D
outdoor map and one 2D indoor map. For both maps, we have followed the framework
proposed in Chapter 3. The map rendering engine generates three map layers for each
map so that data visualization modules could visualize mapping data, environmental data,
and application object data on different map layers.

5.3.2 Outdoor Map
Considering the spatial complexity of the outdoor scale, the outdoor map on the GUI uses
a 3D map rendering engine. Therefore, no matter underlying map tiles, environmental
data, or the building models, they are all required to be input in 3D format. Fig. 5.3 shows
the map layers on this 3D map.
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Figure 5.2: Structure of Double-scale map.

On the Outdoor Base Map Layer, the data visualization modules visualize the mapping
data for 3D earth. As the beneath map layer, it only needs to display the most basic
geospatial information. Because the purpose of the 3D outdoor map is to help building
managers to receive information of buildings from the outdoor scale, the Outdoor Base
Map Layer mainly displays the geographic location information of the target buildings
and the distribution of surrounding streets and blocks, so that managers can understand
the surrounding geographic spatial information from this map layer.

The Outdoor Environmental Layer is used to represent the overall environment in
which the target building exists. Fig. 5.4 shows an example of a screenshot from the
3D outdoor map, where the sunlight at realtime is simulated to support managers in ana-
lyzing the effect of sunlight on buildings. As a basic environmental factor, sunlight could
affect the buildings in many ways. For example, sunlight is significant in the analysis of
the energy use of buildings. The sunlight will affect the lighting and heating of the build-
ing to some extent, which will further affect the energy use of the building. Considering
the necessity of sunlight for Smart Building application, we have partially implemented
the visualization of sunlight, and we have seen many possibilities for the Outdoor Envi-
ronmental Layer. For example, we suppose the GIS for Smart Building can gather data of
noise level around the buildings, so the Presentation Layer could visualize the noise dis-
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Figure 5.3: Three map layers on outdoor scale.

Figure 5.4: Sunlight on 3D outdoor map.

tribution on this map layer to help managers reduce noise pollution effectively. Another
usage possibility would be to visualize the precipitation data in the area where the building
is located. With visualization of precipitation, the manager can recognize which parts of
buildings are more vulnerable to rain, so they could take measures to prevent potential
troubles. Other similar usage scenarios (e.g., visualization of wind and visualization of
light pollution) on this map layer are also expected to improve this application’s capabili-
ties.

The object of our concern is the building on the outdoor scale, so the Outdoor Object
Layer is essentially rendered for the buildings. In this case, we pick five buildings from
NTNU in Ålesund as the objects. These five buildings are modeled to 3D models by the
real size and are located as the entities on 3D map in the geographical position of reality,
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aiming to fit the geospatial information provided by the Outdoor Base Map Layer.

Figure 5.5: Energy use visualization of buildings.

At present, we have temporarily implemented two functions on this outdoor map. One
is the visualization of energy use, which indicates different usage of power by rendering
different colors to the buildings. From blue to red, the map shows the energy use from
low to high. This function is designed to help managers understand the energy use of
buildings and compare the usage of different buildings to perceive the overall situation of
buildings or assist them in making energy-saving measures. Fig. 5.5 displays an example
of a screenshot from the 3D outdoor map illustrating the visualization of the energy use of
buildings.

Figure 5.6: Indoor environmental quality monitoring of buildings.

Fig. 5.6 shows another function of this outdoor scale map associated with the task of
monitoring the Indoor Environmental Quality (IEQ) from the building’s perspective. Tak-
ing the situation in the figure as an example, we can see that the surface of the building
named “Lanterna” is displayed in red, which symbolizes that the building has indoor envi-
ronmental problems. In this case, the manager can click on this building to navigate to the
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2D indoor map, which we will describe in more detail in the next section. The function
of IEQ monitoring aims to help managers understand the internal conditions of the build-
ings under their management at any time, and allow them to detect and respond to indoor
environmental issues quickly.

5.3.3 Indoor Map

For the indoor scale of the GIS for Smart Building, most of information and data is in 2D,
so a 2D indoor map can thoroughly meet the requirement of managers. Considering that
2D maps usually save more system resources than 3D maps, which we have illustrated
before, we implement a 2D indoor map with multi floors for the indoor scale.

Figure 5.7: Three map layers on indoor scale.

As mentioned in the previous section, managers can navigate from 3D outdoor map to
2D indoor map so that they can obtain the information about the internal conditions of the
buildings under their management. The basic structure of this 2D indoor map is similar to
the 3D outdoor map; it can also be divided into three map layers: Indoor Base Map Layer,
Indoor Environmental Layer, and Indoor Object Layer. Fig. 5.7 shows these three map
layers that make up the indoor map.

As the bottom layer of the indoor map, the Indoor Base Map Layer shows the most
basic spatial information inside the building, such as the layout of each floor, the type
and distribution of rooms, and the locations of stairs or elevators. The 2D map rendering
engine also provides users with the function of floor switching, so that the Indoor Base
Map Layer can display the spatial information of each floor on a 2D map.

The Indoor Environmental Layer is used to display the environment inside the build-
ing. The Environmental Data Visualization Module for indoor map visualizes the data
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Figure 5.8: Heatmap of occupancy.

from the indoor environmental database on this map layer. The purpose of the Indoor En-
vironmental Layer is to help managers to obtain information about the internal condition
of one building or one floor so that they can consider how such an indoor environment
will affect the building or some rooms. Fig. 5.8 shows a screenshot from the indoor map,
which presents an approach to visualizing indoor environmental data on the Indoor En-
vironmental Layer. Here, the occupancy of space is visualized as a heatmap covering a
floor on the Indoor Environmental Layer. We suppose the data on occupancy are based on
phone activity, so managers would be able to estimate the distribution of the crowd. Then
they could analyze if such a distribution of people would cause some indoor issues.

The application objects that the managers are concerned with on this 2D indoor map
are rooms on each building. Therefore, the GUI allows the data visualization module to
display the data related to individual rooms on Indoor Object Layer, so every room in
the buildings is regarded as the objects. Managers can obtain detailed information about
each room on this map layer with the goal of carrying out indoor environment analysis
based on this information. Most data visualized on this map layer are collected by indoor
sensors. Because these sensors collect many types of data in the room and store them
on the Repository Layer consistently, this leads to a large amount of data. To perform
the visualization of this massive dataset, we deploy a Dashboard Module to visualize the
sensor data; the specific details about this Dashboard Module will be described in the next
section.

The analysis results from the Indoor Environmental Quality Analyzer will also be dis-
played on the Indoor Object Layer. As a subsystem for decision support in Smart Building
application, Indoor Environmental Quality Analyzer is expected to receive related data
and output the analysis to building managers. The analysis generated based on data of
indoor environment and room sensors would be transmitted to the Presentation Layer and
visualized on GUI, aiming to assist managers to evaluate the situation of a floor or a room.
Fig. 5.9 shows an example of the visualization for analysis of the IEQ Analyzer, contain-
ing two warnings pop up on the Indoor Object Layer. One is indicating that one room is
overcrowded based on the occupancy sensor; the other one is showing the CO2 level of
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Figure 5.9: Warnings from IEQ analyzer.

one room is too high as well as the following suggestions from analyzer. Managers can
refer to this information to make better decisions.

5.3.4 Dashboard

On the GUI of Smart Building application, we have designed a Dashboard Module for the
visualization of sensor data. Though the dedicated Dashboard Module, managers could
check the current sensor data and past sensor data of a room quickly.

Figure 5.10: Current sensor data and historical sensor data.
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Fig. 5.10 shows the process of using the Dashboard Module on the indoor map. Af-
ter clicking on buttons over the room information pop-up widget, managers can see two
dashboards displaying the sensor data at current and sensor data from the past.

Figure 5.11: Comparison of pressure and humidity trends.

In the historical data part, the Dashboard Module presents the data with the a line chart
encoding a time series. The managers can also zoom in to view the value of a parameter
at a particular timestamp. Besides, the Dashboard Module also provides a comparison
function for historical data, which is convenient for managers to analyze the correlation
between different variables. For example, Fig. 5.11 shows a comparison of pressure and
humidity trends.

5.4 Implementation
The implementation of this Smart Building application is described in this section. Since
measurements are handled by the Presentation Layer of the system, this section will focus
on indoor and outdoor maps to explain the implementation of the application.

5.4.1 3D Outdoor Map
The 3D outdoor map is implemented on the top of the CesiumJS library, and the code is
written in JavaScript. The Presentation Layer provides a dedicated area to contain the 3D
outdoor map on GUI and creates a canvas in this container for 3D map rendering. The
rendering for 3D scene and data visualization on the 3D map will be performed by the 3D
rendering engine and the Data Visualization modules, respectively.

Fig. 5.12 shows the necessary process of data visualization on 3D outdoor map. In
the first part of this process, all the required datasets are sent from the Repository Layer to
the Data Processing Modules on the Control layer, and they are transferred to the Presen-
tation Layer after data processing. During the execution of data processing, geographical
positions are attached to mapping data in the dataset and environmental data are processed
to a sunlight model with time series. Object data are represented by several datasets be-
fore data processing, and the Control Layer combines them into one collection of objects.
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Figure 5.12: Process of data visualization on 3D outdoor map.

In the next step, the data visualization modules on the Presentation Layer would perform
data visualization based on the data they received. The mapping data will be visualized as
3D map tiles that compose the underlying map, the sunlight model will be visualized as a
movable light source in the 3D scene, and the object data will be visualized as 3D entities.
Then the 3D map rendering engine will render them on the 3D outdoor map in the last
step.

5.4.2 2D Indoor Map and Dashboard
After the GUI acquires the user’s click event on a target building on the outdoor map, the
Presentation Layer will generate a 2D indoor map in another dedicated area on the GUI. In
the actual use, the indoor map can be regarded as an extension of the data visualization of
the outdoor map, as it is used to display the internal information of an object from the 3D
outdoor map. Therefore, in the implementation, the user’s operations from the 3D outdoor
map can influence the generation of the 2D indoor map. Similarly, the dashboard can also
be regarded as an extension of the data visualization of the 2D map, so the operations on
the 2D map should affect the generation of the dashboard module.

The 2D indoor map is implemented with JavaScript and based on MazeMap JS API.
Although this indoor map can also be zoomed out of the building, the outdoor information
is rarely displayed on the indoor map. The primary data visualization capacity of this
indoor map is performed inside the building.

Fig. 5.13 shows the process of data visualization on a 2D indoor map. In the first step,
datasets from three categories of database are forwarded from the Repository Layer to the
Control Layer. The indoor mapping dataset includes the images (e.g., PNG file and JPEG
file) used to constitute the basic map and the GeoJSON file that is eventually used to create
the room polygons on the indoor map, while the environment dataset contains the data to
represent the indoor environment, and object dataset contains the data related to rooms. In
the next step, the Control Layer executes data processing for each dataset and transmits
these data to other components in the Smart Building application. Most of the processed
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Figure 5.13: Process of data visualization on 2D indoor map.

data are transferred to the corresponding data visualization module on the Presentation
Layer, and the others are packaged and sent to the Indoor Environmental Quality Analyzer
for the following analysis support. The step after that is the data visualization on the
Presentation Layer. The Mapping Data Visualization Module converts the obtained data to
2D map tiles constructing the base map and 2D polygons representing rooms on the indoor
map. To visualize the indoor environment, the Environmental Data Visualization Module
produces a heatmap on the indoor map based on the GeoJSON file obtained from the Data
Processing Modules. The Application Object Data Visualization Module receives input
from two resources: Data Processing Module for indoor object data and the IEQ Analyzer.
For providing primary information of rooms, the Application Object Data Visualization
Module visualizes it through popup objects upon the room on the map, while the sensor
data is displayed in the Dashboard Module.
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Chapter 6
Evaluation and Discussion

In this chapter, we describe a conducted user-based study aiming to evaluate a developed
prototype in Section 6.1. Furthermore, the results from the investigation of two case stud-
ies and the limitations of our implementation are discussed in Section 6.2.

6.1 Evaluation
The evaluated prototype is the GUI of Smart Building application from our Case Study B.
We implemented this evaluation with the participation of a set of volunteers. Considering
that SAR systems are expected to be used in the more professional field, we have not
carried out a user-based evaluation for Case Study A in this thesis.

6.1.1 Evaluation Protocol
The arrangement of the performed evaluation follows the evaluation framework DECIDE
described in Section 2.5. This section explains the details of each procedure adopted in
our evaluation protocol.

Determine the goals. The goal of this experiment is to evaluate the Graphical User
Interface of the proposed GIS application for Smart Building. We expect to demonstrate
that this GUI can allow users to interact with the Smart Building application effectively,
thus validating the feasibility of the proposed framework of GUI.

Explore the questions. Some questions are defined for assessing users’ feedback
regarding the operation on GUI. Addressed research questions can be summarized as fol-
lows:

• Is it possible for users to perform several practical tasks on this GUI? And are these
tasks easy for users to complete?

• Is it easy for users to identify or perceive the content of visualization?

• Are users satisfied with the visual appearance of this GUI?
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Some open questions are also defined, so that users can provide comments about the
GUI or about unaware information.

Choose the Evaluation Paradigm and Techniques. Considering that there will be
various evaluators participating in the assessment process, and much of their feedback is
based on the user’s subjective preferences, we designed a questionnaire as the evaluation
instrument.

Identify the Practical Issues:

• Users: We invited a set of bachelor, master, and doctor students from NTNU, in a
total of 14 participators. Any age or gender were accepted in this experiment. None
of them have operated the developed GUI before the evaluation experiment.

• Equipment: Each participant was asked to access the GUI and the created ques-
tionnaire through their own device (computer or mobile device).

• Material: The materials concerning this evaluation experiment include:
- User instructions: it shows users what they need to know for this evaluation exper-
iment, such as the purpose of evaluation, the procedure of this experiment, ethical
issues, etc.
- Webpage to access GUI: The developed GUI was published on an online webpage,
and participants were asked to access this GUI through a given Uniform Resource
Locator (URL) from the browser on their devices.
- Operation guide: In the beginning, a short video was used to introduce the main
features of our application and how to interact with the developed GUI. At each step
of the experiment, some detailed guidance was also provided to assist the partici-
pants in completing the assigned tasks.
- Participant profile form: It was used to capture the background information of
participants, such as their educational level and familiarity with Geographic Infor-
mation System and data visualization approaches.
- Evaluation form: It contained the predefined questions regarding the operation on
the GUI. We captured participants’ judgments and preferences from those questions.

Decide how to deal with the ethical issues. Ethical issues were explained to the
participants in the user instructions.

Evaluate, Interpret, and Present the Data. In the first step, we provided the partic-
ipants with the user instructions and the link to access the GUI. Then, participants were
asked to access this GUI on their devices. Before the operation, participants were required
to fill the profile form. In the next step, they were free to study the operation guide to un-
derstand how to operate this GUI. After that, participants were expected to perform tasks
on this GUI. Finally, they provided feedback regarding the operation on the GUI through
the evaluation form.

6.1.2 Profile Form and Evaluation Form
As mentioned in the previous section, the profile form allows us to collect information
about participants, while the evaluation form enables us to obtain users’ judgments and
preferences.
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The questions on the profile form were divided into two categories: the first was fo-
cused on obtaining information about the age and education of participants, while the other
aimed to understand their familiarity with the domains involved in the GUI. To character-
ize the familiarity of participants with our study fields, we have defined the following four
questions:

• How familiar are you with map-based applications (e.g., Google Map, Bing Map,
Mazemap, etc.)?

• How familiar are you with geographic information systems (GIS)?

• How familiar are you with information visualization approaches?

• How familiar are you with sensor-based data analysis?

The participants were asked to indicate the scale (from 1 to 5) for their familiarity. In
the scale: 1 means not familiar at all; 2, somewhat unfamiliar; 3, medium; 4, somewhat
familiar; 5, very familiar.

The evaluation form comprises three steps. In each step, the participants were asked
to perform one task that may happen in actual practice on our GUI, and then present the
outcome of this task on the evaluation form. After that, participants were expected to
answer several questions based on their operation experience while executing the assigned
task. These questions in each step can be essentially divided into two types: one is about
the usability of the GUI, while the other is about the visual appearance quality of the GUI.
Through these questions, we can capture the judgments and preferences of participants.
Since each task involves different functions and elements of our GUI, we can summarize
and analyze judgments and preferences of users.

In Task 1, participants were asked to rank the energy use of buildings based on the
information they can get from the outdoor map. To obtain feedback on the GUI’s us-
ability regarding Task 1, we requested the participants to answer two questions after they
completed this task:

• How do you rate the degree of difficulty for performing Task 1?

• How easy is the identification of the relation between the energy use and the dis-
played color of buildings?

The participants were asked to indicate the scale (from 1 to 5). In the scale: 1 means very
easy; 2, somewhat easy; 3, neither easy nor hard; 4, somewhat hard; 5, very hard.

To capture the participants’ judgments and preferences of the visual quality displayed
by the GUI during the performance of Task 1, we provided the following questions on the
evaluation form:

• How do you rate the degree of satisfaction with the colors used in Task 1?

• How do you rate the degree of satisfaction with the position of gradient label (on the
left side of map) in Task 1?
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The participants were asked to indicate the scale (from 1 to 5) for their degrees of satisfac-
tion. In the scale: 1 means very dissatisfied; 2, somewhat dissatisfied; 3, neither satisfied
nor dissatisfied; 4, somewhat satisfied; 5, very satisfied.

In addition to the above questions, we also provided open questions for participants
after each task. The analysis of answers to these questions will be presented later.

Task 2 concerns to find one particular building with indoor environmental quality prob-
lem and try to find the problems in this building. This task requires the users to operate
on the outdoor map and identify the building with indoor environmental quality problem.
Also, the user was expected to navigate from the outdoor map to the indoor map and then
obtain the information from the indoor map.

After the participants completed the operation on GUI for Task 2, they provided their
judgments on the usability through four questions from the evaluation form:

• How do you rate the degree of difficulty for performing Task 2?

• How easy is the identification of the building with indoor environmental quality
problem?

• How easy it is to navigate from the outdoor map to the indoor map?

• How easy is the identification of the room with indoor environmental problem?

The participants were asked to use the same scale used in the previous task.
The developed GUI is expected to help users obtain information from the map by giv-

ing them corresponding visual signs when performing this task. Therefore, our evaluation
of the quality of GUI visual appearance regarding Task 2 is mainly based on that. The
following questions were defined in the evaluation form:

• How do you rate the degree of satisfaction with the provided introductory text on
the indoor map?

• How do you rate the degree of satisfaction with the warning marker on the map?

The participants were asked to use the same scale used in the previous task.
Task 3 concerns to find the highest noise level value from the historical data of a

particular room. To complete this task, the participant first needed to find this room on
the indoor map, then open the historical sensor data window of this room, and after that,
operate over this window to obtain the highest value of noise.

Considering that this task mainly involves the operation of the indoor map and the
Dashboard Module, we defined the following questions to obtain the participants’ judg-
ments of the availability of operation and the visualization elements.

• How do you rate the degree of difficulty for performing Task 3?

• How easy is the identification of sensor data (e.g., temperature, CO2 level, noise
level, etc.) of a room?

• How easy is the identification of sensor data (e.g., temperature, CO2 level, noise
level, etc.) of a room over time?
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• How easy it is to find the value of sensor at particular timestamp?

The participants were asked to use the same scale used before.
In this step, the evaluation of visual appearance quality is mainly focused on the Dash-

board Module. To capture participants’ satisfaction, we provided two questions in the
evaluation form:

• How do you rate the degree of satisfaction with the display for current indoor sensor
data in Task 3?

• How do you rate the degree of satisfaction with the display for indoor sensor data
with time series in Task 3?

The participants were asked to indicate the scale value as before.
After participants completed three tasks, we also provided a question to obtain their

overall understanding of the GUI.

6.1.3 Results
The answers we collected from the profile form provide us a general understanding of
users before the evaluation. Fig. 6.1 shows the age and education level of participants.
We need to mention that since not all questions were answered by 14 participants, in this
section, we use percentage rather than quantity to express the obtained results.

(a) Age (b) Eduation Level

Figure 6.1: Information on age and education of participants.

We also obtained information about their familiarity with map-based applications,
Geographic Information System, information visualization approaches, and sensor-based
data analysis from the profile form. For map-based applications, 71.5% of participants
thought they were somewhat familiar or very familiar with maps, and 21.4% thought their
familiarity was at a medium level. However, 78.6% of them believed they were not so
familiar with GIS (14.3% were not familiar at all, 42.9% were somewhat unfamiliar, and
21.4% thought they were medium). For information visualization approaches and sensor-
based data analysis, the responses of participants are relatively evenly distributed. Most
participants thought that they were at or near the medium value. Very few evaluators were
very familiar with them or not at all. Fig. 6.2 shows the distribution of answers for these
two questions.

From answers of four questions, we can conclude that, generally speaking, our subjects
were familiar with commonly used map-based applications but lack knowledge on GIS,
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Figure 6.2: Familiarity with information visualization approaches and sensor-based data analysis.

which is usually regarded as an expertise. For information visualization and sensor data
analysis, they have varying degrees of understanding and background.

The first part of the evaluation form concerns Task 1 described in the previous section.
After performing this task on the given GUI, participants were asked to provide the results
of tasks. We noticed that 13 out of 14 subjects provided results. It should be mentioned
here that we tracked the evaluation form submitted by this participant who did not offer
the task result. We found that he/she answered all other evaluation questions except for not
providing the results of the three tasks. Therefore, we were convinced that this participant
completed all the tasks, but did not present the results for some reasons. When we analyzed
the data of this evaluation experiment, we considered his/her other answers as valid. Out
of these 13 subjects, 7.7% presented a wrong answer, 7.7% presented an irregular answer,
and the remaining 84.6% were correct (15.4% of them ranked the energy use from low to
high, while 69.2% of them ranked the energy use from high to low).

Figure 6.3: Feedback on the GUI usability regarding Task 1.

Next, we collected answers to questions used to evaluate usability and visual appear-
ance quality. Fig. 6.3 summarizes the judgments of participants regarding Task 1. All
the participants thought it was easy or average to perform this task using our GUI. For the
identification of an essential visualization element involved in Task 1, 46.2% considered
it was very easy or easy, 38.5% thought it was neither easy nor hard, and the remaining
15.4% thought it was a bit hard. Participants generally thought the usability of the GUI
was acceptable for performing Task 1.

Fig. 6.4 presents the answers to these questions about visual appearance. For the
choice of color, 61.6% of participants gave a positive response, while 23.1% provided a
negative response. About the position of the gradient label that is used to indicate energy
use of buildings, a total of 71.5% were relatively satisfied with it, 14.3% were neutral with
it, and 14.2% were relatively dissatisfied.

The next part of the evaluation form is about questions around Task 2. Similarly, par-
ticipants showed their performance results to us after executing this task on the developed
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Figure 6.4: Feedback on the GUI visual quality regarding Task 1.

GUI. Out of all the subjects who provided the result of this task, 16.7% only completed
the first step, while 83.3% provided the correct result.

Figure 6.5: Feedback on the GUI usability regarding Task 2.

After completing the operation of Task 2, participants provided their answers to the
corresponding evaluation questions, which we described in the previous section. Fig. 6.5
summarizes the answers to four questions about usability from participants. We can ob-
serve that 46.2% of the evaluators rated the difficulty for performing Task 2 was very easy,
and the same amount of participants rated it was slightly easy. Only 7.7% had faced some
difficulty during this task. Participants provided very positive feedback on the identifica-
tion of the two important visualization elements displayed by the GUI in Task 2. All of
them thought that it was relatively easy to identify the building with indoor environmental
quality problem on the outdoor map; 91.7% thought that it was relatively easy to iden-
tify the room with indoor environmental problem on the indoor map. Regarding a crucial
function of the GUI, the navigation from the outdoor map to the indoor map, we could
notice that 58.3% thought it was easy, and 25% thought it was somewhat easy. Only 8.3%
of participants considered it was a bit difficult.

For the two questions about visual appearance regarding Task 2, 69.3% of the partic-
ipants expressed “somewhat satisfied” or “very satisfied” to the introductory text on the
indoor map, while 7.7% of the participants were not satisfied with it. In contrast, 96%
expressed satisfaction with the warning marker on the map. Comparing these results, we
can assume that there is still room for improvement in the introductory text.

The third part of the evaluation form mainly concerns the evaluation based on Task 3,
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and the participants’ performance of this task were pretty satisfying. After performing this
task, all participants who submitted the result provided the correct answer.

Figure 6.6: Feedback on GUI usability regarding Task 3.

For questions about usability regarding this task, Fig. 6.6 presents the answers we
collected from participants. We can observe that 84.6% of participants thought that Task
3 was relatively easy, and remaining 15.4% thought the difficulty was medium. For two
significant data visualization content presented in this task, 91.7% and 100% considered it
was easy to identify them. Concerning finding the value of sensor at particular timestamp,
the indicated difficulty varies for different participants: 33.3% thought it was very easy,
the percentages of participants answered “somewhat easy” and “neither easy nor hard”
were the same (25%), and 16.7% thought it was a bit hard to find it.

Figure 6.7: Feedback on GUI visual quality regarding Task 3.

Comparing the answers with the ones of Task 1 and Task 2, we can observe from Fig.
6.7 that the participants’ responses to visual quality regarding Task 3 were not very satis-
factory. For the display of sensor data in realtime, 61.6% of participants were relatively
satisfied with it, and 23.1% of participants were relatively dissatisfied with it. Also, 53.9%
of participants were satisfied with the design to display sensor data with time series, while
the same percentage (23.1%) thought that they were neutral with it and slightly dissatisfied,
respectively.

At the end of the evaluation form, participants were required to answer how do they rate
the understanding of operation on this GUI after performing three tasks. 58.3% answered
“very understandable”, 16.7% answered “ somewhat understandable”, 16.7% thought their
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understanding is at medium level, and 8.3% thought “not understandable”.

Table 6.1: Summary of judgments and preferences.

Task 1 Task 2 Task 3

Success Rate of Performance 84.6% 83.3% 100%

Average Operation Difficulty (1-
very easy, 5-very hard)

1.57 1.68 1.96

Average Identification Difficulty
(1-very easy, 5-very hard)

2.31 1.42 1.54

Average Satisfaction with Visual
Appearance (1-very dissatisfied,
5-very satisfied)

3.67 4.2 3.58

Table. 6.1 shows a statistical summary of the results we collected from the experi-
ment. We evaluated the usability of this GUI based on the performance success percent-
age of each task, the difficulty of operation for the user, and the difficulty of identifying
visualization content. The evaluation of the visual appearance quality is according to their
satisfaction. In summary, we think the evaluation result of the current GUI is relatively
positive. We can see from this table that most operations and identification were easy for
users, and the success rate of completing the given tasks was also very high. Moreover,
users are generally satisfied with the visual appearance. Nevertheless, we also have to
admit that users’ feedback on visual appearance was relatively less positive, which shows
there is still much room for improvement.

As mentioned earlier, we set up questions on the evaluation form to receive suggestions
and comments on our GUI and were provided a lot of valuable ideas. For example, one
participant mentioned an aspect that we did not consider, “Some people are colorblind and
may find it difficult to distinguish between red and green.” Another participant reported
the compatibility issue three times: “On a smartphone I had to enlarge before interacting.”,
“The second map is taller than the first on a mobile device. I have to enlarge before being
able to interact.”, and “Very difficult to interact with a mobile device. I had to switch
orientation multiple times.” We also received precise suggestions for improvement, such
as “It would be great if the pop-up box contains the value. When you hover over the
historical values, it also could include time for the given value. Zooming and navigation
in the graph could also be a bit more intuitive. I want a zoom-out function that does not
reset the whole graph.”

After summarizing and categorizing these suggestions and comments, we illustrate
some of them in Table. 6.2. The ranking of suggestions is based on the number of partici-
pants who propose it. These suggestions provide directions for future improvements.

Besides, we also explored the performance of participants with different knowledge
backgrounds in this evaluation experiment. Considering that only one participant was a bit
unfamiliar with map-based applications, and most participants are not very familiar with
GIS, we focus this exploration on if participant’s knowledge about information visualiza-
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Table 6.2: Summary of the most frequent suggestions provided by evaluators.

Suggestion # of occurrences

Use less colour to indicate energy use 4

Improve zooming in/out on historical sensor data display 3

Improve compatibility on smartphone 3

Add colour blind mode 2

Indicate the number of energy use on outdoor map 2

tion and sensor-based data analysis affected their performance on our GUI.
After removing the two participants who did not provide all the answers, we divided

the remaining twelve participants with different familiarity with information visualization
approaches into three groups: Group A includes 4 participants who were familiar with it
(they indicated 4 or 5 on profile form); Group B includes 4 participants who were aver-
age with it (they indicated 3 on profile form); Group C includes 4 participants who were
unfamiliar with it (they indicated 1 or 2 on profile form). We tracked their answers and
calculated the average value of the operations and identification in all tasks they rated.
Table. 6.3 shows our statistical result.

Table 6.3: Different performance of participants with different knowledge about information visu-
alization.

Average value (1 refers very easy, 5 refers very hard)

Group A (experienced) 1.75

Group B (average) 1.75

Group C (inexperienced) 1.725

In another statistic analysis, we divided the twelve participants with different famil-
iarity with sensor-based data analysis into three groups: Group A includes 5 participants
who were familiar with it (they indicated 4 or 5 on profile form); Group B includes 3 par-
ticipants who were average with it (they indicated 3 on profile form); Group C includes 4
participants who were unfamiliar with it (they indicated 1 or 2 on profile form). We did
the same calculation as the previous one. Table. 6.4 shows our results.

Comparing the two tables, we can see that the participants with knowledge about in-
formation visualization approaches did not think the operations and identification on this
GUI were easier. In contrast, the participants having high familiarity with sensor-based
data analysis could perform given tasks more comfortably. Due to the small sample size
and lack of other proof, we temporarily assume that the knowledge of sensor-based data
analysis can help users better operate this GUI.

In conclusion, the overall assessment of the our GUI was positive. The participants’
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Table 6.4: Different performance of participants with different knowledge about sensor-based data
analysis.

Average value (1 refers very easy, 5 refers very hard)

Group A (experienced) 1.42

Group B (average) 1.83

Group C (inexperienced) 2.075

pleasing performance has proved the GUI’s usability, and their background also proved
that the users of Smart Building application do not need to have deep GIS knowledge.
Although participants in this experiment were generally familiar with map-based appli-
cations, as such applications are a kind of common tool nowadays, this is not a harsh
requirement for them. Besides, by analyzing the performance of participants, we also pro-
posed an assumption: the building managers with better knowledge about sensor-based
data analysis may work with our tool more effectively. Moreover, suggestions from par-
ticipants provide important direction for improving the Smart Building application in the
future.

6.2 Discussion
In this thesis, we proposed the generic architecture of GIS for decision support and devel-
opment framework of GUI in this system by investigating existing tools and technologies.
Based on our proposal, we implemented two applications for two cases in different do-
mains, which have been described in detail in Case Study A and B. This section discusses
the system structure, technical issues, and limitations of these two applications.

Table. 6.5 compares two applications from the perspective of system structure. On
the Repository Layer and the Control Layer, two applications do not show much differ-
ence. For the Presentation Layer, the AI-SAR application uses a web-based realtime map
interface to display data and interact with users. In contrast, the Smart Building appli-
cation utilizes a more diverse web GUI, on which a 3D outdoor map, a 2D indoor map,
and a dashboard module for sensor data are deployed. The difference in the Presentation
Layer shows the scalability of our proposed architecture. Similarly, for two applications,
the subsystems used to provide decision support are completely different. However, since
the internal cooperation of systems is based on data flow, it is straightforward to apply
different subsystems to this structure, which also shows the flexibility of this architecture.

For our applications, we need two map-based GUIs to display the information users
need. In the previous section of the thesis, we have stated that the GUI of GIS is essentially
a data visualization tool. According to our proposed development framework for GUI, all
the data applications need to present can be divided into three categories. During the im-
plementation of these two different applications, we have followed this framework. Table.
6.6 shows how we classified all the data that need to be displayed on different maps.

After we classified the required data, the construction of the maps has been guided by
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Table 6.5: The comparison from the perspective of system structure.

Main features of the two target applications

AI-SAR Application Smart Building Application

Repository
Layer

Data Related to Search and
Rescue

Data Related to Smart Building

Control
Layer

Data Management Module Data Management Module

Presentation
Layer

A realtime map interface A GUI with double-scale map and
dashboard

Decision
Support
Subsystem

AI Support System Indoor Environmental Quality Ana-
lyzer

Table 6.6: The comparison of required data in two applications.

AI-SAR Applica-
tion

Smart Building Application

2D maritime map 3D outdoor map 2D indoor map

Mapping Data Nautical mapping
data

Data for outdoor
mapping

Data for indoor
mapping

Environmental
Data

Data about weather,
temperature, wind-
speed, air pressure,
etc.

Data on sunlight
in realtime

Data on occu-
pancy in buildings

Application
Object Data

Data about ships,
harbours, heli-
copters, etc.

Data related to
buildings

Data related to
rooms

data visualization approaches. For each map canvas on applications’ GUI, we deployed
three map layers for three types of data. The maps on the GUI are able to display all
received data since it has been classified and distributed to three data visualization modules
for visualization. Fig. 6.8 shows the comparison of the map canvas on the GUI in the
two applications. The AI-SAR application has only one map on its GUI, and three data
visualization modules display all relevant data through three map layers. For the Smart
Building application, two map canvases have been generated for the outdoor map and
the indoor map. data visualization modules visualize both data from outdoor and indoor
on the GUI. This comparison suggests that the proposed development framework can be
tailored to different practical situations and needs: it is applicable to no matter a single-
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Figure 6.8: Each map canvas has three map layers for corresponding visualization.

map interface or a multi-map interface; it is applicable to no matter the large scale such as
global size or small scale inside several buildings.

During the implementation of applications, we realized some limitations with our
study, which will be discussed as follows.

For the application of AI-SAR, an apparent limitation is that it cannot provide histori-
cal data query function. Although we can simulate the historical moving track of an object
on the map (such as the historical operation of a helicopter), it is not possible to retrieve all
data related to a past timestamp. For example, users cannot query the historical weather
conditions in a specific location or locate a target object at a particular timestamp in the
past. This limitation is mainly due to the fact that the library LeafletJS we mainly use in
this application does not provide an original timeline function. Besides, we did not collect
enough historical data for testing. We believe that this limitation can be resolved as the
work moves deeper.

One limitation of the Smart Building application is that the GUI does not provide many
environmental data, which may have an impact on the decision-making support. On the
outdoor map, we only simulated sunlight as an environmental factor. We did not collect
some important data around the buildings (e.g., noise, air pressure, weather information
in this area). At the same time, the occupancy was regarded as the only environmental
factor on the indoor map. The lack of sufficient environmental data may affect the users’
judgment of the building or room condition.

59



Chapter 6. Evaluation and Discussion

60



Chapter 7
Conclusion and Future Work

This chapter presents the conclusion of this thesis in Section 7.1 and discusses potential
future work in Section 7.2.

7.1 Conclusion
The cooperation between GIS and complex decision support systems is a trend, while
traditional GIS usually lacks compatibility with decision support systems. We introduced
a modified architecture that can effectively combine GIS with the decision support system.
In addition, we also proposed a development framework for the user interface based on
this architecture. After that, two case studies were conducted to prove the feasibility of
our proposal.

Four research questions that have guided the research in this thesis are answered after
our investigation:

• RQ1: How to propose a generic architecture of GIS that could be compatible with
complex decision support systems?
In Chapter 3, we proposed the architecture of GIS for decision support, which is
modified based on the well-known three-layer architecture. The proposed archi-
tecture comprises four components: the Presentation Layer, the Control Layer, the
Repository Layer, and the Decision Support Subsystem. Separating the system into
multiple components makes it possible to scale one particular component at any
time according to new requirements. In this architecture, each of the three layers is
independent of each other, so that the modification or testing of each layer do not af-
fect other layers’ normal functions, which makes the development and maintenance
of such a system more straightforward. Besides, the component used for complex
decision-making analysis and support is regarded as a subsystem in this architecture.
It is independent of the remaining components and communicates with other system
components through data flow, which guarantees the extensibility and flexibility of
decision support function.
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• RQ2: How to propose a development framework for the user interface of such a
system?
We believe that all the data that GIS for decision support displays on the user in-
terface can be divided into three categories: the mapping data, the environmental
data, and the application object data. From the perspective of data visualization,
we proposed a development framework for the user interface of such a system in
Chapter 3. Three data visualization modules deployed on the Presentation Layer
are in charge of visualizing processed data from the system on GUI. Another mod-
ule for controlling is responsible for coordinating the visualization content based on
the request and operation of users. The GUI based on this framework can display
information in a structured way, ensuring that the GUI is more precise and friendly
to users. The process of data processing and transformation in such a system is
also simplified because the data is visualized in categories by different visualization
modules.

• RQ3: Is it possible to develop applications based on the proposed system architec-
ture and user interface framework?
We investigated two case studies that were described in Chapter 4 and Chapter
5, respectively. Two applications have been designed and developed based on the
proposed system architecture and user interface framework: one application with a
single-scale map interface for AI-SAR and one application with a double-scale map
interface for Smart Building. The implementation of two applications has validated
the feasibility of proposed architecture and framework.

• RQ4: Would the applications based on the proposed system architecture and user
interface framework be usable for users?
We conducted an evaluation experiment for the application for Smart Building and
illustrated the evaluation result in Chapter 6. We obtained positive results by ana-
lyzing the evaluation experiment data, which suggests a high usability of the appli-
cation.

7.2 Future Work

In this thesis, we proposed some concepts and proved the feasibility of our concepts
through application and evaluation. At the same time, we also identify rooms for im-
provement and advancement. This section discusses some possible directions for future
work.

One potential work is about the other two layers of the system except for the Presen-
tation Layer. Considering the importance of the user interface in an information system,
we have partially proposed a development framework for the GUI of the entire system.
We did not suggest a framework to guide the development of the Control Layer and the
Repository Layer. During the implementation of the two applications in Case Study A
and Case Study B, we used a relatively rough approach to develop the Control Layer and
the Repository Layer. We believe that a generic and effective development framework for
these two layers would be important to simplify the development process and improve sys-
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tem performance. Therefore, the research on the development framework of the Control
Layer and the Repository Layer could be a possible future work.

We believe that we still need to make further efforts to improve the two developed GIS
for decision support. For the application for Smart Building, we received much valuable
feedback from the evaluation volunteers, which can lead us to improve this application.
In the future, we hope to conduct another evaluation experiment to obtain suggestions
and comments from experts in the SAR field, so that the application for AI-SAR can be
improved according to the professional feedback.

Completing a complex decision support system requires the support of sophisticated
modeling, professional knowledge, and relevant techniques. In our research, we just
adopted simple decision support subsystems to validate the proposed system architecture.
One possible future work could concern the development of a complex decision support
system for a specific case and applying this decision support system to the GIS built based
on the proposed architecture. After that, the efficiency and effectiveness of this GIS should
be tested in a practical application.

The introduction of AR and VR on the GUI is considered to be a future GIS trend. We
believe that relevant research is worthy of attention. The research on the GUI with AR and
VR extensions also would be one of our future exploration directions.
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