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ABSTRACT

The present work proposes the use of information visualization techniques allied to an

Augmented Reality user interface to provide information that helps professionals to an-

alyze spatially situated data where it was originally measured. This problem and the

proposed solution may be adapted into different professional contexts.

Three visualization use cases were designed, implemented and tested in different task

contexts, namely classroom seat analysis, GPS route following and EMC data-extraction.

Apart from visualizing the situated data, users were also able to interact with it to narrow

down their search by switching the attributes being displayed, combining them together,

applying filters, changing its formatting and extracting values from it.

The proposed approaches were tested against each other in comparable 2D and 3D inter-

active visualizations of the same data in a series of usability and performance assessments

with users to validate the solutions. The goal was to ultimately expose how AR can help

users to perform better in different decision-making contexts. Our results exposed signif-

icant effects on many of the variables measured, such as accuracy, correctness, distance

travelled and time taken.

Keywords: Data Visualization. Augmented Reality. Mixed Reality. Situated Visualiza-

tion. Human-Computer Interaction.



Estudo de Casos de Uso de Visualização Situada de Dados em prol de tomadas de

decisão

RESUMO

O presente trabalho propõe o uso de técnicas de visualização de informações aliadas a

uma interface de usuário em Realidade Aumentada para fornecer informações que auxi-

liam profissionais a analisar dados espacialmente localizados onde foram medidos origi-

nalmente. Esse problema e a solução proposta podem ser adaptados a diferentes contextos

acadêmicos e industriais. Três casos de uso de visualização foram projetados, implemen-

tados e testados em diferentes contextos de tarefas, como análise de assentos em salas de

aula, acompanhamento de rotas de GPS e extração de dados de Compatibilidade Eletro-

magnética (EMC). Além de visualizar os dados situados, os usuários também são capa-

zes de interagir com eles para afunilar suas pesquisas, alternando os atributos exibidos,

combinando-os, aplicando filtros, alterando suas formatações e extraindo valores. As

abordagens propostas neste trabalho foram testadas entre si, em visualizações interativas

em 2D e 3D comparáveis, utilizando os mesmos dados em uma série de avaliações de

usabilidade e desempenho com usuários, afim de validar as soluções. O objetivo foi ex-

por como a Realidade Aumentada pode ajudar usuários a ter um melhor desempenho em

diferentes contextos de tomada de decisão. Nossos resultados expuseram efeitos significa-

tivos em muitas das variáveis medidas, tais como precisão, correção, distância percorrida

e tempo gasto.

Palavras-chave: Visualização de Dados, Realidade Aumentada, Realidade Mista, Visua-

lização Situada de Dados, Interação Humano-Computador.
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1 AN INTRODUCTION TO AUGMENTED SITUATED VISUALIZATION

Figure 1.1: Left - Example of a weather forecast map. Right - Example of a city traffic
map.

Source: Left - AccuWeather1, Right - Google Maps2.

Data often needs to be geographically localized in order to convey its meaning. In

1854, Dr. John Snow famously mapped the cases of cholera in a London neighborhood,

creatively associating them to the distribution of sewer-infected water pumps in the city

(BYNUM, 2013). Nowadays, two-dimensional maps are a standard medium in which

data is portrayed to the general public. Maps are present both in larger scales, such as

country-sized weather forecasts and city-sized traffic reports (Fig. 1.112), and smaller and

more specific ones, e.g. building-sized fire evacuation plans and room-sized floor plans,

used in real state marketing (Fig. 1.234).

Considering three-dimensional data, in recent years Immersive Analytics (IA) has

taken the interest of visualization researchers for its ability to better exploit human per-

ception capabilities (FONNET; PRIé, 2019). IA takes advantage of the Virtual Reality

paradigm in order to transport users into a virtual environment, where they can perceive

and interact with data in unique manners. By making use of embodied perception and

interaction, users are able to better interpret and relate the different pieces of data ex-

posed to them (FONNET; PRIé, 2019). As this visualization paradigm does not require a

third dimension to be suppressed, it allows more space for further dimensions to also be

displayed via visual abstractions.

Nevertheless, presenting spatially localized data in a virtual environment comes at

a cost. Much like when using a map, users will have to mentally translate the data pre-

1https://www.accuweather.com/
2https://www.google.com.br/maps/
3https://www.ispsafety.net/
4https://www.roomsketcher.com
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Figure 1.2: Left - Example of a building fire evacuation plan. Right - Example of a
bathroom floor plan.

Source: Left - International Safety Products3, Right - Room Sketcher4.

sented in that environment to the real analogous place it was located at. For instance, in a

fire escape training simulation, a user might be presented with a corridor with many doors,

with a single one being indicated by an arrow. Afterwards, in a real scenario, the user will

have to recognize several aspects of the actual environment in order to understand which

real door was analogous to the virtual one being pointed to. This apparently small cogni-

tive load, named visualization cognition (TVERSKY, 2005), is already enough to cause

mistakes in real situations, specially when the user is not highly familiarized with the

location.

It is possible to compensate for this sort of problem via a visualization that presents

its data situated in loco, as depicted in Figures 2.1, 3.1 and 4.1. All of these use real

locations instead of representative maps. Augmented Reality (AR) may increase the

prospects of problem assessment by making data spatially-aware and reduce user ef-

fort (TATZGERN, 2015). Even day-to-day tasks that require decision-making, however

simple they are, may have their performances optimized with this sort of visualization

(PADILLA et al., 2018). Thus, decision-making, according to Balleine (BALLEINE,

2007), could be facilitated and user comfort elevated.

Hereupon, this work intends to review, design and suggest the use of Information

Visualization techniques, especially Situated Visualization (SV) (TATZGERN, 2015), as

well as novel interaction methods particularly aimed at this context. Alongside an AR

Optical See-Through Head Mounted Display (HMD) to provide information regarding

the user vicinity, SV aids users in familiarizing themselves with the data without having
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to exhaustively explore it.

Albeit showcasing particular scenarios, the following studies are meant to be

adaptable into several relevant use cases. These include even simple day-to-day tasks,

such as: medical records in hospital rooms, being situated atop each patient’s bed, facil-

itating the daily work of nurses and doctors; school performance reports in classrooms,

positioned over student desks, informing the teacher which students require more atten-

tion during a lecture or an exercise; and client orders in restaurants, hovering over dinner

tables, keeping track of the check and the time it is taking for dishes to be served. Addi-

tionally, this concept preserves the user’s freedom of movement, since the equipment used

works as a standalone platform, dismissing cables and freeing the user’s hands, allowing

for a seamless exploration and interaction with the environment.

The current work is divided into three major studies, each with its own problem

statement, related work, methodology, user experiment design, results and conclusion.

These are:

• Chapter 2: ASV as a decision-making tool – with some of its results having been

published in (GUARESE et al., 2020a).

• Chapter 3: ASV for outdoor path-following tasks – with some of its results having

been published in (GUARESE; MACIEL, 2019).

• Chapter 4: ASV towards EMC testing – with some of its results having been pub-

lished in (GUARESE et al., 2020b).
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2 ASV AS A DECISION-MAKING TOOL

Figure 2.1: Augmented visualization of a classroom using the HoloLens. Chairs are
ranked according to a people circulation map (red lines), with less circulation meaning
a better score. Users can change the criteria used to rank chairs by interacting with the
system via gestures.

Source: The Authors

Whenever accessing indoor spaces such as classrooms or auditoriums, people

might attempt to analyze and choose an appropriate place to stay while attending an event.

Several criteria may be accounted for, and most are not always self-evident or trivial. This

chapter proposes the use of data visualization allied to an Augmented Reality user inter-

face to help users defining the most convenient seats to take. This solution is used to

illustrate the concept of Augmented Situated Visualization.

Sets of arbitrary demands were considered and information is projected directly

atop the seats and all around the room. The proposed approach was tested against a

comparable 2D interactive visualization of the same data in usability assessments of seat-

choosing tasks with a set of users to validate the solution as a decision-making tool. Qual-

itative and quantitative data indicated that the AR-based solution is promising, suggesting

that AR may help users make more accurate decisions, even in common daily tasks. Re-

garding ASV, our results open new avenues for the exploration of context-aware data.
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2.1 Problem Statement

People always seek comfort and well-being in venues they attend. This situa-

tion may come closer to a necessity than preference, depending on the user accessibility

needs. Apart from these, technology developments also brought in new requirements

to be considered, such as Wi-Fi signal, access to power outlets and even placement of

air-conditioners and speakers.

While attending an event, such as a conference, people attempt to analyze, con-

sciously or not, a series of information to choose the most appropriate place to stay, either

standing or sitting down. Several variables may come into mind for a decision like this.

Many may also be forgotten or neglected. To assess their needs or preferences, atten-

dees often have to perform empirical observations – usually in a comprehensive analysis

– regarding the area. These criteria may have very subtle personal differences, e.g., the

apparent temperature, an unobstructed field of view, accessibility to special conditions

(wheelchairs, hearing aids, left-handed desks and extra-wide seats), and even the access

to strategic places (exits, restrooms and windows) or resources (Wi-Fi signal, power out-

lets and speakers).

Concerning this problem, it is feasible to assess it with a data visualization that

presents visual and interactive information even for a personal decision, such as what a

person might consider important for their well-being in that context (PADILLA et al.,

2018). For example, a solution can be to highlight a seat with a good view for a presen-

tation, a stable Wi-Fi signal, and near a power outlet. Thus, decision-making, following

Balleine’s definition (BALLEINE, 2007) of being a choice between multiple courses of

action, could be facilitated and, consequently, comfort elevated. Secondary benefits might

also be achieved, such as enhancing the attention level of the subject to the event in ques-

tion.

Augmented Reality (AR) arguably has the potential of significantly increasing the

possibilities of problem assessment by making data spatially aware and reducing user

effort (TATZGERN, 2015). Even daily activities that require decision-making, however

simple they are, might be optimized with AR, either by reducing the time, mental effort,

or previous knowledge needed to perform such tasks.

This chapter presents the use of an Information Visualization technique, Situated

Visualization (SV) (TATZGERN, 2015), alongside an AR Optical See-Through Head-

Mounted Display (HMD) to provide information regarding the user vicinity, aiding them
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in familiarizing themselves with it without having to explore it exhaustively. More specif-

ically, we use a seat selection task in a classroom to demonstrate the effect of an AR

interface to visualize in situ information (see Fig. 2.6-right). Such a problem involves

multidimensional data. The several layers of information are mapped in the 3D space as

graphical objects hovering over the seats and scattered across the room. Each piece of

data is appropriately situated at the physical location it corresponds to. Users can interact

with the visualization to filter and select options that help them to retrieve the information

they regarded as most important.

2.2 Related Work

Previous work using AR in Information Visualization has been applied in several

areas, usually for scientific or educational purposes. Such are the works of Olshannikova

et al. (OLSHANNIKOVA et al., 2015), where Big Data is addressed via Mixed Reality

visualizations, and Müller et al. (MüLLER et al., 2018), which displays renderings of

molecules in AR, as seen in Fig. 2.2. Most of these works, however, do not take advan-

tage of the location aspects in which the data is (or should be) situated, displaying them

anywhere in the user vicinity. This makes it challenging to argue in favor of using AR

instead of Virtual Reality.

Figure 2.2: Examples of Müller et al (MüLLER et al., 2018).

Sources: (MüLLER et al., 2018)

In 2016, a study by Willet et al. (Willett; Jansen; Dragicevic, 2017) brought to

light the benefits, trade-offs and some linguistic definitions regarding Information Visu-

alization in AR. Among others (some can be seen in Fig. 2.3), they introduced the term

Embedded Visualization as being a refined version of SV, where data is displayed in AR,

spatially coinciding with the data referents, instead of just in proximity to it, or in a HUD

fashion. Willet revises different application works from the literature and semantically
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Figure 2.3: Illustration of some of the semantic definitions made by Willet et al (Wil-
lett; Jansen; Dragicevic, 2017). The present work refers to their Embedded Visualization
concept by a broader term, namely Augmented Situated Visualization.

Source: (Willett; Jansen; Dragicevic, 2017)

defines and groups them and their methods, besides presenting challenges, limitations

and possible benefits for each of their definitions. In the current work, their concept of

Embedded Visualization will be always referred to as ASV, a more straight-forward and

broader designation.

In their 2019 paper, Marques et al. (MARQUES et al., 2019) discussed SV from

a decision-making standpoint. Regarding its aid towards decision support systems, they

made a literature analysis of Situated Visualization works discussing the current areas of

application, benefits, challenges and opportunities. Marques exposes how, despite in a

limited amount of works, they found SV data in decision-making contexts to be more

rapidly and intuitively explored than the counterparts tested, allowing for an earlier de-

tection of flaws and a higher work productivity. Unlike both of these works, we will

present a novel ASV application and perform original user tests to validate the different

visualization and interaction methods used.

Figure 2.4: Examples of Elsayed et al (ELSAYED et al., 2016) situated visualization of
product data.

Source: (ELSAYED et al., 2016)

A previous paper related to this work is the conceptual model presented by El-

Sayed et al. (ELSAYED et al., 2015) (depicted in Fig. 2.4), which introduces the com-
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bination of Visual Analytics (VA) and Augmented Reality for decision-making purposes.

The authors named it Situated Analytics (SA), creating a new line of research. As it is

a new theme, the literature is still limited, showing a gap that needs to be filled. This

branch of SV provides the user with an interactive view of multidimensional data phys-

ically relative to the context of where they are at the moment, combining VA and AR,

with the former presenting data referring to a physical place or object, while the latter

devises a new dimension to display the information relevant to that context, allowing user

interaction in order to display the most relevant data. In the current work, we will refer to

this as Augmented Situated Visualization (ASV).

In another following work (ELSAYED et al., 2016), ElSayed et al. studied a SA

application in a shopping scenario, evaluating product purchases using their technique.

They concluded that the it was deemed suitable for making the users understand the in-

formation around them, with its capacity being increased by novel display technologies,

such as the Microsoft HoloLens. The study also pointed out that users preferred the SA

tool instead of the traditional approach of reading product packages.

2.3 ASV approach

In this study, we have taken into account a set of attributes to be displayed situated

in loco, observing the environmental context, either specifically for each seat (e.g., for the

temperature and quality of view) or at any other location in the three-dimensional room

(e.g., air flow and power outlets). The chosen attributes to showcase the visualization

were divided into three categories, as follows:

• Scalar Scores (SS): temperature, Wi-Fi signal, stage visibility, and occupation his-

tory

• Vector Routes (VR): air flow, people circulation, and wheel-chair accessibility paths

• Categorical Scores (CS): power outlets, exits, and special seats (e.g. left-handed

desks, extra-large seats, and seats with hearing aids)

The prototype developed for assessing this approach targets an AR HMD, the

Microsoft HoloLens. Using the HMD spatial tracking features, real environments can be

scanned into 3D virtual meshes, as can be seen in Fig. 2.5-right. In this mesh, virtual

elements were inserted and positioned according to real locations, occluding, or even

being occluded by seats. Thus, any data related to a physical three-dimensional location
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in its surrounding space may be rendered in its analogous position superimposing, or even

interacting with, real elements.

Figure 2.5: Left - User experimenting the application in a classroom. Right - Virtual mesh
of the scanned room.

Source: The Authors

A set of AR design heuristics established by Endsley et al. (ENDSLEY et al.,

2017) were followed during the design and implementation phase, to attain to a comfort-

able, precise, and user-friendly experience. These heuristics were developed via a robust

and iterative process, focusing on human factors, ergonomics, and user experience.

2.3.1 Data Visualization

The data visualization employed used subjective percentage scores for all of the at-

tributes, as to disregard previous user knowledge of any units of measurement. These val-

ues were superimposed on color-coded rectangles (red meaning lowest and green, high-

est), each being analogous to a specific chair, as seen in Fig. 2.6. Subtitles revealed the

meaning of the scores and their related color maps for all attributes. Additionally, no

scores are omitted from the user by default, as to not disregard any particular user prefer-

ence.

In addition to the scores, specific virtual objects were defined for different at-

tributes. Fig. 2.6-A-right exemplifies this. In addition to the “Air flow” scores, 3D blue

arrows represent a corresponding vector field. The opacity of an arrow represents the in-

tensity of the wind. Moreover, lines parallel to the floor with different thicknesses were

used to represent the most used paths or suggested routes, as in Fig. 2.6-B-right. Finally,

colored cylinders symbolized the location of particular resources (e.g., power outlets, spe-

cial seats and routers), as shown in Fig. 2.6-C-right.
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Figure 2.6: Information Visualizations of a classroom. A) 2D room map (left) and
3D/ASV (right) views of air flow data. B) 2D (left) and 3D/ASV (right) of people trajec-
tories. C) 2D (left) and 3D/ASV (right) of special seats. All vis includes scores for each
seat and supplementary visualization objects.

Source: The Authors
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Two visual features were designed and implemented to improve the user experi-

ence and readability of the data. First, the score signs are constantly rotated to face the

user, making the data always ready to be read, independent from perspective. Secondly,

based on a 2D distance function, every scoring sign height and scale changes according

to the user position. The farther away the sign is, the higher and slightly bigger it will be.

This solution optimizes the scores visibility and readability, making sure no sign occludes

the one behind it.

2.3.2 Interaction

Given the nature of the attributes and the potentially large amount of data, users

are able to control the amount of attributes visible at a time, avoiding unnecessary data

cluttering and occlusion. Interaction using the HMD relies on a virtual menu, which

overlays either one of the user’s hands, displaying the attributes that can be selected and

subtitles for the data, as seen in Fig. 2.7-right. A white cursor centered at the user’s view is

used to point at buttons in the menu. Selections are confirmed by executing a tap gesture

with the hand.

Figure 2.7: Left - 2D-map interactive menu. Right - HoloLens interactive hand-guided
menu.

Source: The Authors
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2.4 Study Design

A user study was conducted to measure the effects of the ASV approach on user

performance in seat-finding tasks in two different conditions: the proposed AR interface

versus a tablet device with a 2D map of the room with the same data and interactive

options, exemplified in Fig. 2.6-A-left. To minimize the learning bias, two different data

sets (DS1 and DS2) were used in both visualization conditions. Odd-numbered tests were

performed with DS1 in the tablet device, followed by DS2 in the HMD. Likewise, even-

numbered subjects were presented with DS1 in the HMD test, and then DS2 in the tablet.

The study was conducted in a classroom (52.19m2) in with 38 seats, as shown in

Fig. 2.6-right. Participants were asked to locate seats under specific conditions, starting

with simple ones (e.g., “find the seat with the lowest temperature in the room”) and getting

more complex as the trial advanced (e.g., “find the best Wi-Fi signal that is close to a

power outlet and has an extra-large seat”).

Quantitative results were measured for each task, namely the steps taken and the

accuracy of the selections. The relative error between the chosen seat and the objectively

best seat matching the instruction given was assessed post hoc. As for the more subjec-

tive measurements, subjects were asked to answer questionnaires regarding each method

tested, namely SUS (BROOKE, 1996), NASA TLX (HART; STAVELAND, 1988) and

SSQ (KENNEDY et al., 1993). Measuring user discomfort during the experiment is im-

portant since an improper AR application design can increase cognitive load and loss

of situation awareness, which according to Carmigniani et al. (CARMIGNIANI et al.,

2010) may weaken user performance and lead to human error.

2.4.1 Decision-making

Following the dual-process theory of cognitive science (PADILLA et al., 2018),

we designed a set of tasks covering two types of decision processes. Type one processing

consists of automatic, intuitive and easy decisions, while type two processing, however,

is comprised of active, contemplative and high effort processes. In each task T, the set

of attributes being used was arbitrarily defined to reduce bias, following the group order

in Table 2.1. For each user, no attribute repeats. Among users, however, the order of

attributes in each category was sorted in order to minimize pattern repetitions.

Type one processing is represented by tasks T1, T2, and T3, where only one at-
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Table 2.1: Tasks design, including Decision Process types (DP), Task Number (T#) and
Attribute Groups (AG): Scalar Scores (SS); Vector Routes (VR); and Categorical Scores
(CS).

DP Type One Type Two
T# T1 T2 T3 T4 T5 T6
AG SS VR CS SS | VR SS | CS SS | VR | CS

tribute needs to be observed, i.e., a simple look around the data may suffice to make a

selection. Type two processing is represented by tasks T4, T5, and T6, which require

the user to consider multiple variables at the same time to make a precise and informed

decision.

Tasks of type two processing, which require mental transformations of one’s men-

tal schema, are expected to take more time from users, as well as to demand a higher

cognitive load, which may affect the accuracy and precision in their performances, as

stated by Vessey and Galletta (VESSEY; GALLETTA, 1991). Type two tasks were de-

signed to test whether the increase in cognitive load would have different influences in the

results of each visualization. For this reason, the option for combining different attributes

in a visualization with the weighted system was disabled for this trial. This forces users

to analyze the distributions of scores one by one, creating a mental map for each attribute

prior to choosing a seat.

For each user and each interface, the number of score-wise optimal seat choices

according to the demand, divided by the total number of choices made, was considered

as their overall accuracy. Thus, for a task i, with accuracy ai and hi the number of right

choices for the n subjects that performed that task:

ai =
hi

n

Score precision, however, was an estimation of how right a wrong answer was.

For each seat choice, a ratio of how comparable it was to the right answer was calculated.

Let p be the score precision of any user selection during a task i, s the score of the chosen

seat according to the current demands in the task and b the score of the best seat for that

feature:

pi =
s

b

Besides wrong selections of virtual seats based on their scores, users could also

make mistakes based on a false perception of their mental mapping between the virtual
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seats and the real ones. With this in mind, a Manhattan Distance (MD) was also measured

for each choice. With each seat being considered as a unit of distance, the MD for each

selection error was deemed as the sum of X and Y axes distances from the selected seat

to the correct one. The aisle between the two groups of chairs was considered as having

a width of two units of distance. Accordingly, the Accumulated Manhattan Distance

(AMD) is the summation of the MD of all trials. Thus, for each trial i:

AMD =
∑
i

DXi +DY i

2.4.2 Hypotheses

The user assessment was designed to test the validity of the following hypotheses:

• H1: There is an effect of the type of interface (augmented reality and 2D map)

on the resulting accuracy of the seat selection task in favor of AR.

• H2: The users perceive the proposed visualization technique as easy to under-

stand, learn and perform.

• H3: There is no effect of the AR visualization method on mental or physical

disturbances for the subjects.

H1 attempts to evaluate the accuracy of the seats chosen by users. It was tested

by defining tasks using one or more environment variables. Points were established for

each seat, where the most appropriate seats for the task have the higher values. Thus, the

number of correct selections divided by the number of tasks represents the accuracy. This

result is expected to expose a higher ratio when using the ASV methods.

H2 focus is to assess and validate the usability of the proposed ASV method.

This was evaluated through the application of a user experience questionnaire, namely

the System Usability Scale (SUS) (BROOKE, 1996).

Finally, H3 seeks to evaluate the possible discomforts or motion sickness caused

by using the tool, having in mind that it is possible to look and walk around freely while

using the system. This was also assessed with standard questionnaires: the NASA Task

Load Index (TLX) (HART; STAVELAND, 1988) and the Simulator Sickness Question-

naire (SSQ) (KENNEDY et al., 1993).
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2.5 Results

Sixteen subjects (7 female, 9 male), ages ranging from 21 to 51 (mean=27.56 and

SD=6.99) were part of the experiment. All signed an informed consent form. Prior to

the tests, 100% claimed to regularly use touch-screen devices (at least 3 times a week),

37.5% used some AR application at least once a week, and 18.7% used some AR HMD

with the same frequency. To minimize previous knowledge bias, a short 3-minute tutorial

was made for the subjects to familiarize themselves with the HoloLens.

Table 2.2: Accuracy results for tasks T4, T5 and T6 (type two processing), i.e., the most
complex tasks, grouped by interface. Each category below is obtained from 48 trials.

Interface Hits Misses Accuracy Score AMD
2D 33 15 68.75% 95.16% 48
AR 35 13 72.91% 94.86% 43

where AMD = Accumulated Manhattan Distance.

2.5.1 Objective Results

All subjects completed tasks T1, T2 and T3 without a single wrong selection in

either platform. For the type two processing tasks, the average accuracy for the AR trials

was 72.91%, with an overall score precision of 94.86% and an AMD of 43 units, slightly

better results than their 2D counterparts: 68.75%, 95.16% and 43 units, respectively.

These results can be observed in Table 2.2. Neither the accuracy, score nor the AMD

differences presented statistical significance. There was a significant effect of the interface

used on the number of steps taken for the two conditions [t(15) = −2.35, (pttest =

0.039)]. On average users walked 13.5% less using the AR solution when compared to

the 2D maps as seen in Fig. 2.8. In the same comparison, users took on average 44.8%

more time during the AR tasks, as shown in Fig. 2.9. There was a significant effect of

the interface used on the time to make a decision for the two conditions [t(90) = 5.59,

(pttest = 0.0002)].
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Figure 2.8: Normal distribution of overall number of steps taken for each platform in
relation to the number of users (pttest ≈ 0.039)

.
Source: The Authors

Figure 2.9: Average time taken per task in each platform (pttest ≈ 1.7e− 9)

.
Source: The Authors
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2.5.2 Subjective Results

2.5.2.1 SUS

Once per interface, subjects answered questionnaires regarding their experience.

To collect a user experience feedback, the SUS questionnaire was applied. Both applica-

tions received good scores, the 2D approach achieved a score of 85.9 points, correspond-

ing to an A grade, while the AR solution scored 73.8 points, equivalent to a B grade.

2.5.2.2 SSQ

The data collected for simulation sickness revealed that there was not a high dis-

comfort observed in the AR technique: the average increase of the SSQ score between

before and after the AR trials was of 12.82 points (SD = 18.12), regarded as below the

level of concern (KENNEDY et al., 2001), with 64.2% of the participants having reported

minimal (14.28%) or no symptoms at all (50.0%). As expected, the two-dimensional

visualization approach had a considerably smaller impact, presenting a decrease of 0.23

points (SD = 5.86) in user discomfort, considered as a negligible result.

2.5.2.3 NASA TLX

Regarding the task workload of each interface, the NASA Task Load Index test

was administered via a set of questions. With possible scores ranging from 0 to 100, the

AR trials indicated a final raw workload score of 36.2, about 10% higher than the 2D

interface score: 26.04. Regarding the particular categories of the test, results exposed

virtually the same scores for Mental (≈ 50), Temporal (≈ 23) and Effort (≈ 44) demands

in both visualizations. The highest differences were in the Physical, Performance and

Frustration aspects, with the AR visualization having higher scores in all, respectively

14.07% , 12.5% and 23.44% higher than the conventional interface.

2.5.3 Qualitative Feedback

At the end of the study, participants were asked which of the two visualization

interfaces made it easier to identify the real chair, analogous to the virtual chair, chosen

in the preview. Three subjects claimed they were not sure (18.75%), 7 chose the “Tablet”
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(43.75%), and 6 chose the “HoloLens” (37.50%).

2.6 Discussion and Limitations

As planar screen-based techniques are prevalent and commonly used, the 2D tech-

nique can be considered as a gold standard for this sort of activity. AR visualization still

feels like a foreign concept to most users. In this sense, given the current state of user

adaptation, some results might be given by a certain familiarity bias, especially the time

taken for each task.

Regardless, the proposed method surpassed the 2D visualization in most of the

user performance aspects measured, namely the average number of steps taken, the overall

accuracy and the Accumulated Manhattan Distance of the selections. Despite not having

achieved statistically significant results in some of our measurements, we believe a larger

number of subjects and tasks would suffice to prove that there is a positive effect of the

type of interface (augmented reality and 2D map) on the resulting accuracy of decision-

making tasks (H1).

Considering hypothesis H2, both interfaces were also well accepted by the sub-

jects, given their SUS scores. As for hypothesis H3, SSQ results exposed no harmful level

of simulation sickness and, additionally, NASA TLX indicated an increase in workload

lower than 10% when comparing the proposed solution (AR) to the more traditional one

(tablet). Regarding the two most relevant aspects of the TLX for this task, the mental

demand and effort scores showed low increases (≈ 3% and ≈ 8%, respectively). Even

better results could be achieved if or when AR HMDs become lighter, more comfort-

able and more computationally capable, enhancing its frame rate, field of view, tracking

system and overall visual detail quality.

Despite the specific use case tested and presented, a future intention of this work

is to expose the adaptability of this technique into different contexts. This would work

in hospital rooms, mapping patient beds and their medical records; restaurant tables, dis-

playing customer orders; and school classrooms, showing student performance reports to

teachers during lectures or activities. Finally, variations on the AR visualization and inter-

action techniques must be tackled to compare and discover more expressive ways pieces

of data can be viewed and interacted with.
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2.7 Conclusion

This first study showcased the ASV technique for helping on decision-making

based on a set of user-defined criteria. The use case application helped users to find a seat

on a classroom environment. Using a HoloLens, users could visualize the spatial data in-

volved, such as air-conditioning flows, escape routes, etc., as well as a score for each seat

based on the criteria chosen by them. This approach presents a highly compelling visu-

alization for the state-of-the-art both in AR and information visualization, since new AR

platforms are expected to emerge with less intrusive and cumbersome devices, supplying

users with a more detailed and thorough field of view. Considering the overall results,

the use of an AR interface for analyzing data spatially located at its actual position was

deemed as a valid and promising solution.

As for the similarity between the compared results, it is a very positive outcome

to have a novel visualization paradigm with comparable results to a well established one.

This might indicate a tendency of users getting adapted to AR technologies and their

benefits. The next effort on this line of application would be to evaluate ASV in larger

environments, e.g. a theater or auditorium, to extract more significant perception results,

since the allocentric task of mentally interpreting a 2D map into the egocentric view of

the surrounding environment should have a higher influence on more complex and bigger

rooms.

In a similar effort, the next chapter presents a study aimed at analyzing the at-

tention demanded from ASV applications in large outdoor environments by comparing

its results against a traditional 2D map visualization in path-following tasks. In another

following chapter, different variations in both data visualizations and interaction methods

in AR were tested against each other. This new study involves a more specific application

of the ASV concept, aimed at the Electrical Engineering field.
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3 ASV FOR OUTDOOR PATH-FOLLOWING TASKS

Figure 3.1: Augmented visualization of a GPS route using the HoloLens. Green arrows
represent turns or relevant maneuvers the user needs to perform, with text instructions.
Blue planes indicate the overall path to be followed.

Source: The Authors

Navigation in real environments is arguably one of the primary applications for

the mixed reality (MR) interaction paradigm. Nevertheless, the intrinsic limitations of the

MR hardware have been an important factor undermining the evaluation of wearable MR

interfaces. This chapter proposes a wearable MR system based on off-the-shelf devices

as an alternative to the widespread handheld-based GPS navigation paradigm. The proto-

type presented uses virtual holograms placed on the terrain instead of the usual heads-up

display approach where the augmentations follow the line of sight.

The aim is to expose whether this navigation ASV is as effective as a mobile inter-

face for route-following, with the advantage of being less attention demanding, keeping

the senses free for a primary task, e.g. driving or talking. In a user experiment, perfor-

mance and usability were analyzed. User attention was monitored through EEG while

performing a navigation task using either the MR or the handheld interface. Results show

that users deemed the solution to offer a higher visibility to both the oncoming traffic and

the route data. EEG readings also exposed a significantly less demanding focus level for

our prototype. An easiness to learn and use was also indicated for the MR system.
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3.1 Problem Statement

When using a Personal Navigation Device (PND) while driving or riding to follow

a suggested route, vehicle operators have to often take their eyes off the road ahead and

onto the GPS navigation screen. Studies have shown that distraction by a navigation de-

vice was significantly associated with the most serious incidents, pointing out that among

the 44 deadly incidents researched, 21 involved distraction (LIN et al., 2017). Likewise,

amid the usual causes of the accidents investigated, the authors indicated that over 24%

of the total incidents regarded missing road characteristics, while an issue with routing

guidance, either in visual or audio form, was present in 16% of the incidents.

Besides exposing that drivers spend less time looking at the road ahead when they

have a traditional PND, another work (KUN et al., 2009) also stated that glancing at the vi-

sual display did not prove to be necessary to complete a navigation task, since no subjects

in their tests missed directions for any of the navigation aids tested. Regardless, partic-

ipants still answered that they prefer to have a GPS screen for navigation. The authors

hypothesized that users may seek reassurance that they are on the right path, citing that

they might get anxious that, for example, they missed a turn and received no feedback. In

an investigation comparing different interface configurations of a PND, namely purely vi-

sual, audio-visual and purely audio (JENSEN; SKOV; THIRURAVICHANDRAN, 2010),

the authors recorded several incidents while participants glanced at the GPS system. The

authors also stated that audio only participants performed better in relation to their driving

performance than the other subjects.

The aforementioned research inspired the intent of supplying this continuous re-

assurance and also reduce the need to take the driver’s focus away from the road. In this

chapter, we present the development of a GPS navigation system using Augmented Situ-

ated Visualization elements placed at the surface of the road. By projecting a path onto

the surface of the road, MR objects can be placed on top of their proper geolocated analo-

gous places, such as minimal curves of the road, roundabouts and corners. With the help

of these virtual elements, users can be guided throughout the extent of a route without the

need to take their focus away from the road. Despite having an ultimate use in motorized

vehicles, this preliminary development and subsequent tests were aimed at pedestrians in

order to validate the technology before inserting it into more accident-prone scenarios.
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3.2 Related Work

In the present section, a series of studies and products that are somewhat similar

to or even inspired the present work will be described. Their similarities and divergences

will be mentioned, as well as their qualities, design choices and observed flaws.

3.2.1 ASV outdoors

Figure 3.2: Examples of visualizations of data in AR situated outdoors - Shirazi (SHI-
RAZI, 2014) (left and center) and White and Feiner (WHITE; FEINER, 2009) (right).

Sources: (SHIRAZI, 2014) (left and center) and (WHITE; FEINER, 2009) (right)

Situated visualization has been used in urban design and planning. Shirazi (SHI-

RAZI, 2014) developed a system in the Civil Engineering domain to show information

about building sites aiming at aiding students as well as field engineers to understand

the work and its assets in general. White and Feiner (WHITE; FEINER, 2009) presented

techniques in data collection, comparison and manipulation situated in the context of their

related physical locations. For instance, they studied the collection and visualization of

air quality in relation to CO levels, which can be observed in Fig. 3.2. These works either

relied on printed markers (lacking roaming freedom and object occlusion), or miniature

models as a simulation of the actual environments.

3.2.2 Bicyle and Motorcycle navigation systems

Dancu et al. (DANCU; FRANJCIC; FJELD, 2014) studied two alternative solu-

tions for navigation using a map while cycling in an urban environment: firstly a standard

smartphone display attached to a bicycle handlebar and, secondly, a GPS-based map nav-

igation using a bike-mounted projector named Smart Flashlight. The latter projects on
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the road a map with the requested route, as shown in Fig. 3.3-left, much like in a regular

PND. A few points comparing the usability of the tested solutions were inquired of the six

subjects that complied to their tests. Most of the subjects preferred the projection system

in terms of easiness to use, safety, helpfulness, fun, traffic visibility and route attention.

Regarding their original solution, when compared to the standard one:

• 69% of subjects claimed it was easier to use;

• 75% found it safer;

• 69% stated it helped them more regarding support for navigation;

• 100% claimed it was more fun;

• 63% of subjects perceived route attentiveness as being higher;

• 69% reported road and traffic visibility as being higher.

Apart from only displaying a map, the Smart Flashlight is highly affected by ex-

ternal light sources, such as street lights and car headlights. Overtly, it only works at

night.

Figure 3.3: Left: Bicycle equipped with the Smart Flashlight. Center: Sygic HUD. Right:
AR PND from the driver’s perspective.

Sources: (DANCU; FRANJCIC; FJELD, 2014) (left), (MAROTO et al., 2018) (center) and
(MEDENICA et al., 2011) (right)

In another work regarding unusual navigation techniques, the authors tested two

methods using spatialized music to guide pedestrians and cyclists toward a destination

without any prior training (ALBRECHT; VääNäNEN; LOKKI, 2016). Participants had

to follow the apparent three dimensional origin of the sound they heard in headphones,

taking advantage of the natural ability of humans to localize the source of a sound. The au-

thors tested two conditions: route guidance and beacon guidance. The first method leads

the user along a route with the audio source a certain distance ahead. The second tested

approach places the music origin in each step of the way, using turn-by-turn guidance.

Route guidance represents a more seamless experience, where it constantly moves along

the route some distance ahead of the user instead of "jumping" from waypoint to way-

point. Both techniques were deemed good alternatives by the subjects. Beacon guidance
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was generally considered to be suitable for familiar surroundings, while route guidance

was seen as a better alternative for areas that are unfamiliar or more difficult to navigate.

Regarding the main flaws of these methods, the authors mention that using headphones

as a pedestrian or cyclist may result in attentional blindness and environmental isolation.

The former is due to the cognitive distraction of interpreting auditory stimuli and possibly

manipulating electronic devices, reducing mental resource allocation or attention to out-

side stimuli. The latter represents the inability to hear sounds from the surroundings due

to attenuation caused by the headphones and masking caused by the sounds reproduced

with the headphones.

3.2.3 Indoor Navigation Systems

Either by using solely a smartphone, its accelerometer and gyroscope data, the

Google Glass HMD or the Microsoft HoloLens, several indoor navigation studies have

been accomplished. The most recent ones present AR-based indoor navigation appli-

cations that use prescanned environmental features and markerless tracking technology

to guide users inside buildings, such as (DEY; KARAHALIOS; FU, 2018), (REHMAN,

2016) and (BåGLING, 2017). Although interesting and valid tests, the spatial mapping of

all of the aforementioned works had to be performed ad hoc, since a generalized mapping

system for the insides of buildings does not exist. Rehman (REHMAN, 2016) claims

that the 3D scanning during the pre-deployment stages was time consuming and compli-

cated, which hampered their ability to conduct large scale tests. Aside from that, the same

study exposes that, when compared to non-AR solutions, subjects using the AR solutions

presented the lowest workload in their tests. Regarding the HoloLens (HL) device specif-

ically, Bågling (BåGLING, 2017) mentions that their approach showed that people in an

indoor finding objects task performed better using the HL than using a smartphone and

paper maps. Test subjects also pointed out that it was a technology they would like to see

more of in the future.

3.2.4 HUD Systems

As was previously mentioned, HUD navigation systems already prevent car drivers

from glancing away from the road to get route information, as shown in Fig. 3.3-center.
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Such systems have increased in popularity in the last few years (MAROTO et al., 2018).

Either as built-in systems in specific car models or standalone solutions that could be

incorporated in most cars using a smartphone, they are arguably not MR systems. In

addition to the aforementioned sunlight glare issue1, these solutions do not present a fully

immersive setting, since their projections are static, two-dimensional and do not follow

the details of the road ahead, such as curves, ascents and descents.

Prior to these products, (MEDENICA et al., 2011) compared the use of a Situated

AR HUD PND with two HDD PND methods by using a high-fidelity driving simulator:

the first a street view PND, i.e., a device that presents, apart from the route, a visualization

of the street from the driver’s perspective; and secondly a standard PND. A thorough

usability study was made. The results exposed that the HUD option provided for more

visual attention at the road ahead as compared to both HDD devices. On average, when

using an AR PND, participants spent about 5.7 sec and 4.2 sec more each minute looking

at the road ahead in comparison to the street view and standard PNDs, respectively. Their

AR solution, besides being purely simulated, presented a yellow path projected above the

center of the road at a height of about 2 meters, as depicted in Fig. 3.3-right. In our work,

we reproduced their simulated Situated AR solution in a real world MR setting.

3.3 Methodology

3.3.1 Design and Implementation

Arguably, a GPS navigator is meant to work ubiquitously, making it intrinsic not

to require markers. This can be accomplished with the HL2, an Optical See-through MR

HMD. Since the HL does not provide all hardware necessary, a regular smartphone was

used as a second device in our design, supplying it with GPS data and access to the Google

Maps Platform3. Regarding the development of the mobile application per se, it creates

a TCP server and broadcasts a message containing the aforementioned information. An

application named holoNav was developed using the Unity 3D Engine. This MR appli-

cation receives a route graph that leads users from their current location to a requested

destination, generating virtual holograms to guide the user along the path in a turn-by-

1https://hudway.zendesk.com/hc/en-us/articles/218835697-Can-I-use-it-in-daytime-
2https://docs.microsoft.com/en-us/windows/mixed-reality/hololens-hardware-details
3https://cloud.google.com/maps-platform/
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turn manner. The latitude and longitude of these objects are mapped onto the 3D space

around the user, according to their real analogous points in space, in an ASV of the route.

Several methods exist to calculate distances between two pairs of coordinates,

such as the Haversine Formula (INMAN, 1835). This method was simplified in order to

reduce the overhead of the algorithm based on the notion that one degree of latitude can

be roughly approximated to 111111 meters (BEDING, 2016). Thus, it is possible to use

the GPS position of the user as an origin point and map all points of a received route

graph onto the X and Y-axis distances away from the user, in a two-dimensional manner.

The farther the points, the larger the error. Hologram positions are updated occasionally

to fix any misplacements done by the HMD, which may also happen when the depth is

hard to perceive. To do so, the application requests a new route, using the current GPS

location and resets all path objects. Aside from fixing accumulated spatial displacements,

resetting also suggests a more relevant route in case the user goes off track.

The exact front of the user is firstly assumed to be the north direction. In this

fashion, a yaw rotation is necessary to align it, equivalent to the number of degrees this

direction is divergent from the factual north. The magnetic north heading received from

the smartphone magnetometer is a good starting point measurement. However, the devi-

ation between the true north pole of the Earth and its magnetic equivalent is not constant

across the Earth 4. A transient design choice was made to keep this value ad hoc, using

the deviation angle pertaining to our city. As to facilitate with the particular positioning

of the phone, the user is suggested to place it according to a hologram in the form of a red

arrow pointing ahead. This process has to be done only once, since the HL accelerometers

and gyroscope ensure that all object positions and rotations are maintained.

Relative to the holograms that indicate the suggested route, two kinds of objects

are generated. At first, green arrows similar to Fig. 3.4 are placed in each step of the

route, one for each node of the graph. A different 3D arrow object was designed for each

kind of maneuver the mapping API presents, e.g. an arrow pointing right for turn-right

and a roundabout figure with an arrow head pointing left for roundabout-left. A textual

description of the current turn is also displayed on the arrow body. The second type of

object generated is a regular 2D blue plane parallel to the ground, as in Fig. 3.5. These

planes are rectangles that link all of the turns present in the route together, thus showing

a virtual path for the user to follow between arrows. Since not all roads are perfectly

straight, the API provides a particular graph for each pair of nodes in the route graph,

4https://www.ngdc.noaa.gov/geomag/WMM/
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Figure 3.4: Examples of indication arrow holograms generated by the holoNav ASV ap-
plication.

Source: The Authors

representing a polyline following the geometry of the real roads.

3.3.2 Experimental evaluation

Although a MR interface has intrinsic advantages due to egocentric navigation,

a user study is necessary to properly assess its practical use. Our test design compares

the proposed ASV solution with a well established navigation tool. Being reasonable

to assume it as the golden standard, we intend to assess the usability and performance

gap between our prototype and the widely used navigation application. In the effort of

accomplishing an impartial test, the order of the two tests was alternated for each subject.
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Figure 3.5: Examples of route holograms generated by the holoNav ASV application.

Source: The Authors

Tests were taken by users walking on the sidewalk, for the sake of avoiding any possible

accidents.

Regarding the quantitative dependent variables, both route time and displacement

were measured. Attention efficiency was measured by means of a Brain-Computer Inter-

face (BCI) headset5, which reads electroencephalography (EEG) signals and filters them

into focused attention data, exposing the user concentration efficiency over time. The

number of times each user checked the handheld device was also counted.
As for the subjective attributes, users were asked to answer a survey comprised

of three questionnaires for each test. The first two were traditional multidimensional as-

sessment tools, namely the NASA TLX (Task Load Index) (HART; STAVELAND, 1988)

and the SUS (System Usability Scale) (BROOKE, 1996). The third set of questions was

5http://neurosky.com/biosensors/eeg-sensor/biosensors/
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Figure 3.6: Top: Planned route for user tests. Bottom: Geolocated paths performed by
subjects using the ASV application.

Source: The Authors
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adapted based on the Mobile or Projector questionnaire (DANCU; FRANJCIC; FJELD,

2014), since its comparison is similar to ours. All three questionnaires followed the Likert

scale (ROBINSON, 2014).

The same route of 350 meters was chosen for both tests, a 4 minute walk with two

90-degree turns, shown in Fig. 3.6-top. One at a time, users were taken to the starting

point. The system was preset with the route as to not require any previous knowledge from

subjects. Subjects were given the device to be tested and minimal instructions. Once at

the destination, they were asked to answer the survey. After completion, the procedure

was done again using the remaining of the two systems.

Figure 3.7: Subject average percentage of time spent in each focused attention level.

Source: The Authors

3.4 Results

In total, twelve subjects participated in user assessments (two female), varying

from 21 to 35 years of age, average being 26.23 and the standard deviation (SD) 3.21. No

effect of eye condition, age or gender was found on the resulting data. Some subjects per-

formed their tests under very bright sun light, which was partially redressed by attaching

a piece of dark cellophane sheet to the visor. Five subjects had problems with the EEG

headset coming loose during the tests, which made it present a gap amidst the readings.

These EEG samples were discarded.

3.4.1 Objective results

Fig. 3.6-bottom displays the GPS data regarding the path test participants trod.

Disregarding the second trial for each user, i.e., accounting only for the tests in which the

subject was not familiar with the path beforehand, the respective times were 3 min 42 s
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(SD 31.09), and 4 min 51 s (SD 59.84). There was a significant effect of the interface

used on the time to reach the destination for the two conditions [F (18) = 2.42, (pttest =

0.00738)]. These results expose a roughly 31% increase in time for the ASV application.

The number of times users looked away from the route in order to check the nav-

igator application in their handheld device varied from 3 to 14 times. The average being

8.15 (SD 3.48) or 2.71 glances away from the road every 100 meters. Regarding the EEG

results, the averages of each level of focused attention was accounted in fig. 3.7. Joining

together the three higher levels of attention, users spent an average of 55.38% of the time

at a high level of focus while using the smartphone application. This percentage dropped

to 35.64% while using the HMD solution.

Figure 3.8: SUS questionnaire results.

Source: The Authors

3.4.2 Subjective results

Figures 3.8 and 3.9 display the average score for each statement subjects re-

sponded to. The third questionnaire used represents an adaptation of the one presented

in (DANCU; FRANJCIC; FJELD, 2014). SUS final scores were 86.6 for the smartphone
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application, dropping to 66.6 regarding the ASV solution, respectively an A and a C, ac-

cording to SUS standards. Meanwhile, the unweighted TLX score was evaluated as 29.81

for the mobile navigator and 39.42 for the HMD application.

Figure 3.9: Subjective questionnaire results. NASA TLX (left) and original questionnaire
based on (DANCU; FRANJCIC; FJELD, 2014) (right).

Source: The Authors

3.5 Discussion

Users attributed a higher score to the MR solution both in "route attentiveness" and

in "traffic visibility", categorizing how easy or seamless it was to perceive the suggested

route and how low it affected the capacity of users to see the oncoming traffic and aspects

of the road. The substantial increase in route time could be explained, for instance, by the

"fun to use" aspect, being arguable that users demonstrated a considerably higher interest

in the novelty aspect of the ASV solution.

Ratings such as inconsistency, complexity and system integration could be im-

proved refining the coordinates mapping algorithms and increasing the screen brightness.

However, the least favorable aspects of the proposed solution are largely related to the
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Figure 3.10: Number of glances at the handheld device vs. EEG efficiency and NASA
TLX

Source: The Authors

UX of the HMD per se. Mental and physical demand, effort and inconvenience, likeness

to use again and safety are all heavily dependant on the HMD paradigm.Nonetheless, as

demand increases and the industry adjusts to it, it is customary for devices to get smaller

and faster over time.

Six out of the seven subjects displayed a significantly higher level of attention

during the handheld device trial. Disregarding the odd one out, an increase of 1.94 times

was measured, virtually doubling the average attention level of the user. Arguably, the

higher attention required means a greater cognitive load, which would possibly interfere

in other attention seeking activities, such as driving or riding a bicycle. The high number

of times subjects glanced at their phones could explain peaks in attention, since mentally

translating the route seen in a 2D map into the user real surroundings requires some level

of concentration, another point in favor of the ASV approach. However, no significant

correlation could be observed between these two pieces of data, as seen in Fig. 3.10.

Despite a couple of outliers, NASA TLX results shows some relation to EEG efficiency

results, validating user responses to a certain degree. Regardless, further studies should

be held with a larger population and in more demanding guiding conditions in order to

obtain a less biased set of data.

3.6 Conclusion

The present study focused on comparing the map navigation task using a smart-

phone versus an original proposed solution. The conception, design and development of



48

an ASV application for an HMD was illustrated, which enables users to request, perceive

and follow a geolocated route in the form of in situ virtual objects. While the most com-

mon use of a GPS navigation system is while driving a car, this was not the focus of our

research, since primary steps have to be made prior to testing with such an accident-prone

task.

We demonstrated the performance and usability of the proposed application in

objectively guiding subjects throughout an entire real-world route. Such an accomplish-

ment provides an interesting advantage, whereas mentally interpreting a two dimensional

map (allocentric) into the actual streets surrounding the user (egocentric) is not a trivial

task, specially in inner-city locations with complex crossroads and traffic. The MR HMD

proved to be a good interface for freeing user attention, mainly visual, since it follows

the HUD paradigm. Despite its limitations, it was feasible to build a working prototype

capable of day-to-day navigation. This is a highly significant aspect for the current state-

of-the-art both in augmented reality and navigation, since new technologies might emerge

with more capable and less effort-consuming devices.
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4 ASV TOWARDS EMC TESTING

Figure 4.1: AR rendering of an electromagnetic field.

Source: The Authors

In electrical engineering, electromagnetic radiation frequently needs to have its

data analyzed by experts as to detect any external interference or anomaly. In an electronic

hardware context, the field that studies this sort of assessment is called electromagnetic

compatibility (EMC). As a way to support EMC analysis, we propose the use of Aug-

mented Situated Visualization (ASV) to supply professionals with visual and interactive

information that helps them to comprehend that data, however situating it where it is most

relevant in its spatial context. Users are able to interact with the visualization by changing

the attributes being displayed, comparing the overlaps of multiple fields and extracting

data, as a way to refine their search. The solutions being proposed in this chapter were

tested against each other in comparable 2D and 3D interactive visualizations of the same

data in a series of data-extraction assessments with users, as a means to validate the ap-

proaches. Results exposed a correctness-time trade-off between the interaction methods,

with Hand Slider having performed as the least error-prone technique and Touch Lens as

the least time consuming. For the visualization methods tested, the 2D ray casts were less

time and effort demanding than the 3D topology view, however exposing a higher error

ratio. Ultimately, this work exposes that AR can help users to have better performances

in a decision-making context, particularly in EMC related tasks.
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4.1 Problem Statement

Concerning hardware testing, the activity of electronic and electrical devices can

be highly affected by external sources, such as the frequency components of electromag-

netic waves emitted in natural lightning, fluorescent lights, computers and other similar

devices, according to Paul (PAUL, 2006). As an example, radio receivers extract the

information encoded in the intercepted waves. Any electromagnetic interference (EMI)

received will cause the transmission to be either disrupted or misinterpreted, as exposed

in Fig. 4.2. For Paul, Electromagnetic Compatibility (EMC) is the study concerned with

the design of electronic systems such that interference from or to that system will be

minimized, in order not to affect any of its surroundings. Still according to the same

work, a system can be considered electromagnetically compatible with its environment if

it satisfies three criteria:

1. It does not cause interference with other systems.

2. It is not susceptible to emissions from other systems.

3. It does not cause interference with itself.

This assessment usually starts by measuring the EMI radiated from – and con-

ducted to – the electronic device being tested. This procedure exposes whether or not

the aforementioned criteria is obeyed. In his book, (MORGAN, 2011) exposes that it is

advantageous to submit even particular hardware components to tests during the design

process of such equipment. These criteria are often manually assessed by an expert, who

needs to visually analyze the 3D electromagnetic field (EMF) data.

This problem may be redressed by using an Information Visualization paradigm

that presents visual and interactive EMF data situated in the actual points in space it was

measured from. According to Tatzgern (TATZGERN, 2015), Situated Visualizations (SV)

of data exposed in Augmented Reality (AR) have the capacity of significantly increasing

the potential of problem assessment by making its information spatially context-aware

and reducing user effort. Since decision-making is imperative in this context, such sort

of tasks may present an elevation in performance (in time, cognitive and physical efforts)

with this kind of AR visualization (PADILLA et al., 2018).

Hereupon, this chapter intends to review, design and suggest the use of Augmented

Situated Visualization (ASV), as well as novel interaction methods for data manipulation

and extraction particularly aimed at easing decision-making, according to Balleine’s def-
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Figure 4.2: Illustration of a simple EMI problem (MORGAN, 2011).

Source: (MORGAN, 2011)

inition (BALLEINE, 2007), while analyzing data in the EMC field. Alongside an AR

Optical See-Through Head Mounted Display (HMD) to provide in situ information re-

garding the EM fields in the user vicinity, ASV can aid users perceive the data without

exhaustively exploring it or making a mental translation of it from a 2D map perspective.

4.2 Related Work

4.2.1 EMC visualization systems

In 2018, Sato et al. (SATO; TSUKAHARA; KAMIMURA, 2018) developed a

method to measure and display the intensity of 3D EMFs in a tablet device. Using cubic

markers to position the data according to the actual device measured, it was possible to

visualize a 3D distribution of the field measured in real-time by a dosimeter. The data

displayed in the work, however, is quite discrete, failing to expose the continuity of a 3D

field, as can be seen in Fig. 4.3-left. Their measurement method was deemed as being

imprecise, specially when being used from a distance. In addition, using solely markers

to track an environment is known to be very limiting regarding the field of view and lack

of occlusion. The paper states that the system is too cumbersome to be operated by only

one person, although no user studies were presented.
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Figure 4.3: Sato et al. (SATO; TSUKAHARA; KAMIMURA, 2018) (left) and Isrie et al.
(ISRIE et al., 2018) (right) AR displays of EMI data.)

Sources: (SATO; TSUKAHARA; KAMIMURA, 2018) (left) and (ISRIE et al., 2018) (right)

In the same year, Isrie et al. (ISRIE et al., 2018) demonstrated a data acquisition

system which displays readings from a power sensor situated using the current GPS loca-

tion in a heads up display (HUD), as can be seen in Fig. 4.3-right. Their approach allows

users to move along great distances and perceive the data in AR without the need to take

their focus away from the path or miss important real-time data of the measured electric

field strength. The data displayed in their work is solely made of 2D graphs and is fixed

in a HUD display, not being properly situated in the surrounding area, which might cause

users to misinterpret the precise location of the readings. On top of that, off-the-shelf

GPS devices are known to lack a refined precision, restricting the possible use cases for

their system to very broad ones. In their paper, no user tests were presented to assess the

system interaction or visualization capabilities.

In their 2019 study, Rioult et al. (RIOULT et al., 2019) demonstrated an EMC

scanning and visualization system aimed at providing fast readings in confined and even

remote environments, using a compact portable device, depicted in Fig. 4.4. By coupling

a regular smartphone to EMC sensors, the device is capable of measuring electromagnetic

radiations as well as presenting them in AR, being situated in loco as 2D grids. Their work

focuses solely on relatively small scale situations, arguably not being on par with state-of-

the-art EMC scanning precision. It also requires the environment to be manually scanned,

with users having to hold the device, limiting their interaction possibilities. Again, no

user studies were presented to evaluate the system usability.

In order to address the aforementioned limitations, the current chapter intends to

expose EMC data in a more continuous and precise manner, maintaining a 3D topology of

the fields radiated from the tested devices. Every piece of collected data will also be spa-

tially situated where it was first measured from, regarding the hardware being analyzed,

in an effort to preserve the Augmented Situated Visualization paradigm.
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Figure 4.4: Examples of Rioult et al. (RIOULT et al., 2019) situated renderings of EMI
data in AR.

Source: (RIOULT et al., 2019)

4.2.2 MR Interaction studies

Figure 4.5: Examples of object manipulation techniques using freehand gestures (KANG;
SHIN; PONTO, 2020). Left: Gaze and Pinch. Center: Direct Touch and Grab. Right:
Worlds-in-Miniature

Source: (KANG; SHIN; PONTO, 2020)

Solely on the last two years, several works came in favor of furthering the ex-

ploration of freehand gestures in AR and VR contexts (SATRIADI et al., 2019)(KANG;

SHIN; PONTO, 2020)(CHEN; BALAKRISHNAN; GROSSMAN, 2020). Satriadi et al.

(SATRIADI et al., 2019) performed user studies comparing some novel freehand inter-

action techniques in multiscale navigation tasks, such as pan and zoom in a digital map.

Their results exposed a positive influence in user fatigue for their rate-based input map-

ping technique, however with a trade-off for task completion time. Kang et al. (KANG;

SHIN; PONTO, 2020) compared object selection and translation in 3 techniques, shown

in Fig. 4.5, revealing favorable results in usability and task performance for their worlds-

in-miniature approach. Despite that, interviews with the subjects exposed that their direct

touch and grab method provided them with a higher sense of enjoyment and discover-

ability. Unlike these, although superficially addressing object manipulation, this work

will conduct its main tests regarding data-extraction tasks, particularly in a practical use

case scenario. Similar to the work of Kang et al., one of our proposed interaction methods

uses an analogous direct touch metaphor.
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Figure 4.6: Examples of gazing interaction methods for accessing information (LU et al.,
2020). Left: Eye-Glance. Center: Head-Glance. Right: Gaze-Summon

Source: (LU et al., 2020)

In relation to other forms of interaction, two very recent works make use of gazing

in MR contexts (LU et al., 2020)(CHEN; BALAKRISHNAN; GROSSMAN, 2020). Lu

et al. (LU et al., 2020) compared three different forms of accessing content using eye

and head movements, exposed in Fig. 4.6. In their user tests, the eye-glance technique

was preferred by the subjects in long monitoring tasks, while also exposing the lowest

results for time taken to acquire of information. Meanwhile, Chen et al. (CHEN; BAL-

AKRISHNAN; GROSSMAN, 2020) explored the use of gazing movements as a means

to select between disambiguation options during hand gestures for object manipulation,

i.e. while the user’s hands are already being used. They compared a head gaze method

against speech selection and tapping a foot. Their user study revealed the head movement

to be the overall preferred technique. Following their line of thought, the current chapter

will test a similar gazing technique, however aimed at a refined data-extraction context,

testing its precision.

Regarding AR interaction methods specifically aimed at situated visualization,

Caggianese et al. (Caggianese; Colonnese; Gallo, 2019) exposed some ways users could

deal with data occlusion and poor readability. In their user study, subjects were asked

to select specific virtual panels hidden behind walls. In different trials, they were either

able to completely turn off the wall occlusion, making every virtual object visible at once,

or to peek through an user-selected area of the occluding obstacles, filtering the visible

virtual elements. Via a Single Ease Question, using a very small population with no sta-

tistical analysis, their results exposed a higher difficulty in using the filtering method. In

the present work, we conduct a more thorough user test, including the use of standardized

testing procedures and questionnaires, as well as an statistical analysis for the quantitative

results.
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4.3 Situating EMC in AR

In order to expose the adaptability of ASV and the proposed methods in the EMC

field, the following two preliminary use cases were considered: desk-scale EMC visual-

ization and room-scale EMC visualization.

Figure 4.7: Scanned data visualization of two circuit boards, superimposed to the actual
hardware components submitted to testing.

Source: Detectus1.

4.3.1 Desk-scale EMC visualization

In the industry, small components such as circuit boards are customarily tested

with EMC scanners, such as the Detectus RSE 6421. These scanners are able to measure

electromagnetic radiation in a high range of frequencies. Since the spectrum analysis of

these devices is done with a near field probe attached to a X-Y-Z robot, they are able to

produce a 3D graphical rendering of the data read, as can be seen in Fig. 4.7, a mock-up

made by the device manufacturer. This sort of visualization capacitates experts to identify

potential emission problems before they become integrated into a final product. Based on

the data position, the visualization also exposes the particular components that may be

causing it. As mentioned in the previous section, another work already accomplished a

very similar ASV (RIOULT et al., 2019). The particular context here depicted will not be

further explored in the current work.

4.3.2 Room-scale EMC visualization

Regarding larger devices in their integrity, entire rooms may be required for test-

ing, specially when the interference between multiple setups need to be analyzed. While

1http://www.detectus.se/rse-series.html
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Figure 4.8: Left: Example of an antenna analyzed in the chamber. Right: Example of a
chamber setup ready for a reading.

Source: The Authors

conducting this sort of experiment, a total isolation between the test space and the outside

electromagnetic environment is recommended. According to (MORGAN, 2011), it is un-

desirable (and in some cases illegal) to radiate high field strengths across whole bands

of frequencies when conducting radiated susceptibility testing. In this fashion, the use of

screened chambers, as the one in Fig. 4.8-right, became widespread. They are commonly

built as Faraday cages and lined with absorbing material inside, making them anechoic

– i.e. rooms without any reflection of either sound or electromagnetic waves. A large

antenna, transmitters, and receivers are used for characterization of radiation patterns and

EMC performance at different frequency bands. Additionally, circular platforms (turnta-

bles) are used to rotate the devices during testing, as to capture a 360 degree view.

Having access to the measurements taken by one of these fully equipped anechoic

chambers, it is viable to render these EMC readings in AR, situating it around the tested

devices. These readings are meant for users to detect any EMI that may cause the equip-

ment to malfunction or affect other systems. The main advantage of such an application

is to spatially expose exactly where the interference is being propagated from and into

what other components. In a situated view, it will be possible to perceive the influence of

multiple devices on each other in loco, either inside the chamber during tests or anywhere

else these devices will be located at later on, by transporting the virtual renderings along

with the real components.
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4.4 Preliminary Steps

Figure 4.9: Scanned mesh of the anechoic chamber.

Source: The Authors

In a preliminary attempt to develop a prototype of the proposal, the real 2D (planar

section) and 3D (full field) EMC data read from a sample antenna (similar to the one seen

in Fig. 4.8-left) emission was parsed, converted from spherical to Cartesian coordinates

and rendered in situ inside the anechoic chamber environment. For this, the physical room

was scanned into a 3D mesh (Fig. 4.9), with its points in space being used as anchors for

the data to be placed upon. By loading this environment into an AR HMD with spatial

tracking capabilities, the mesh can be matched with the real architecture of the current

area, adjusting all virtual renderings into their proper positions. For the current project,

the Microsoft HoloLens (1st generation)2 was used both to scan the room and to display

the data.

Figure 4.10: SV of two sets of EMC data, superimposed to the actual antenna submitted
to testing. Left - 2D data, a planar segment of the field. Right - 3D full field data.

Source: The Authors

2https://docs.microsoft.com/en-us/hololens/hololens1-hardware
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As can be seen in Fig. 4.10, the virtual field is superimposed to the real environ-

ment the user is seeing. This arguably allows for a less cognitive demanding analysis

of the data, since the proposed egocentric view of the situated data does not require the

mental translation from a 2D screen into the 3D surrounding space, necessary in the allo-

centric task that is usually performed in the EMC industry. This argument, however, will

be put into test further on in a user experiment 4.7, where decision-making tasks will be

performed and their performances evaluated.

In a demonstration made to three experts in the EMC testing area, feedback was

outright positive. Users commended the visualization presented as being highly useful

for analyzing real data, even at a commercial level. As to work in a spiral model of

software development, this demonstration served as a first validation of the concept. It

also provided feedback from the community, allowing for an understanding of their needs,

to be fulfilled in the upcoming steps.

4.5 Data vis

Given the nature of the data measured by the chamber analysis system, two visual-

ization patterns were planned and implemented: 3D field topologies and 2D color-coded

ray casts. These were designed accordingly to the feedback given by the preliminary

demonstration subjects, who emphasized the need to expose the scalability and reach of

the field radiation. This is very relevant since understanding where (into which compo-

nents or devices) and how (with which intensity3 or frequency) the radiation gets to is one

of the primary tasks in EMC testing.

4.5.1 3D field topology

As to supply the user with a broad view of the field topology, a full three-dimensional

mesh of the EMF is produced based on the input data set. After converting the spheri-

cal coordinate vectors into Cartesian points in space, this object is rendered by drawing

a line between every point and its next neighbour. Each field presented in this view is

read based on a frequency given in the data set. Multiple frequencies of the same field,

or even different ones, can be compared by overlaying them, as can be seen in Fig. 4.11,

3Intensity in this work will be used as a broad term for the strength of a signal, usually measured in
dBW (Decibel Watt)
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Figure 4.11: Examples of 3D field topologies being compared in two different frequen-
cies, symbolized by the blue (higher frequency) and orange (lower frequency) colors.

Source: The Authors
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maintaining their topologies and intensities relative to one another.

Beyond that, it is also possible to scale the fields. This is done by altering the

logarithmic constant used to convert the points in space from the spherical vectors. This

alteration slightly changes the topology of the field, while also making it reach farther

away from the center, properly presenting the points in space the actual EMF reaches.

The loss in intensity given the distance can also be calculated in this context. By doing

this, the user can perceive which devices or components the field hits, and with which

intensity, allowing them to fiddle with the environment setup and avoid undesired EMI.

4.5.2 2D Color-coded ray cast

Besides the full three-dimensional fields, the chamber analysis system also pro-

vides faster readings of planar sections of it. These are simply degree-by-degree measure-

ments of the intensities in a plane at a particular height of the EMF, in a given frequency.

Since the goal is to interpret where the EMI collides with different objects, these vectors

are rendered by drawing ray casts extending unto infinity, as seen in Fig. 4.12. The inten-

sity of each vector is both interpreted as a distance from the center (as to avoid occluding

the original tested device) and into a color-scheme from least intense to most intense. The

decay in signal strength is also conveyed in the loss of color intensity in each ray. They

become more transparent the farther away they are from the tested object.

4.6 Interaction methods

In order to narrow down an optimal way for users to interact with the system,

multiple interaction methods were developed. Most are inspired by classic or recent tech-

niques in the literature, all adapted into the current context. In part, this decision was

made given the current global pandemic context, as to minimize the user contact with

different surfaces4, being free from touching unnecessary devices, such as controllers or

screens.

4https://www.nytimes.com/2020/05/28/well/live/whats-the-risk-of-catching-coronavirus-from-a-
surface.html
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Figure 4.12: Examples of 2D Color-coded ray casts. Colors indicate signal strength. In
these particular images, they vary from turquoise (weaker) to yellow (stronger). Top:
view from above the measured antenna. Bottom: view from below, facing forward.

Source: The Authors
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4.6.1 Data extraction

Given the primary task of analyzing the data to make assessments, having an easy,

precise and uncluttered access to the values in a data set is fundamental (TELEA, 2014).

In an attempt to accompĺish that, three different methods of extraction were designed

and implemented, to be later on tested against each other in ASV-oriented data-extraction

tests.

Figure 4.13: Hand Slider data extraction method. Panel exposes the intensity reading at
that point of the vector. Blue and red arrows indicate the possible movement directions,
controlled by the user’s hand. Top: Frame taken from the user point of view. Bottom:
Demonstration of how the technique is operated.

Source: The Authors
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4.6.1.1 Hand Slider

Meant primarily for the color-coded ray cast visualization, the Hand Slider method

requires users to select a single ray from the set, via a gaze and air-tap 5 combination, en-

abling a panel with an intensity measurement atop the line. After that, users are prompted

to slide one of their hands sideways, moving the panel accordingly along the colored line

selected (as in Fig. 4.13), exposing the different intensity values, much like in a regular

2D UI slider. This is expected to provide a more refined reading from the desired point in

space.

4.6.1.2 Gazing

Similar to the previous method, the first step is to select a single colored line from

the visualization. The selection is done by gazing at a line (i.e. aiming the center of their

vision there) and performing an air-tap gesture. Afterwards, whichever point of the line

the user gazes at will display its intensity measurement. By moving their gaze along the

line, users will have access to the variations in its values, up to the moment where they

perform another air-tap, saving the last value read and deselecting the line. Gazing is

proposed as a quicker and hands-free method, which can also be used from a distance, as

can be seen in Fig. 4.14. This method is already widely and commercially used for object

selection in HMDs, having been explored also in recent works (LU et al., 2020; CHEN;

BALAKRISHNAN; GROSSMAN, 2020).

4.6.1.3 Touch Lens

Designed to be a more straight-forward metaphor, the Touch Lens method acts as

if the user’s hand was a magnifying glass. By simply laying their hands over or on a

point in space – virtually touching the data – users will have the reading from that point

displayed on a hand-guided panel (seen in Fig. 4.15). This was planned as being a more

lifelike technique, not demanding any complex or novel gestures from the user, presenting

a more localized view of the data. This method was partly inspired by the work of Wagner

Filho et al. (FILHO; FREITAS; NEDEL, 2018), where a metaphor of touching virtual data

in a scatter plot is used to select it.

5https://docs.microsoft.com/en-us/windows/mixed-reality/holograms-211
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Figure 4.14: Gazing data extraction method. User controls the point of reading by cen-
tering their vision at different points of the selected line. Top: Frame taken from the user
point of view. Bottom: Demonstration of how the technique is operated.

Source: The Authors
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Figure 4.15: Touch Lens data extraction method, both in the 2D (left) and 3D (right) data
vis. Users need to touch the virtual objects to obtain a measurement of that point. Top:
Frame taken from the user point of view. Bottom: Demonstration of how the technique is
operated.

Source: The Authors
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4.6.2 Data manipulation

As to allow users to fiddle with geometric transformations of the data, three dif-

ferent methods were created, all analogous to the three previously mentioned. These are

based on the eventual need to adjust the scaling, rotation and translation of the fields. As

mentioned earlier, scaling is fundamental to perceive the effects of the field in far away

objects, given the changes in topology and intensity. Rotating and translating the data is

important as to adjust any misplacements of the field during the simulation, given a pos-

sible tracking loss6 by the HMD sensors. It is also useful if users want to reposition the

device tested in the setup, allowing them to place the data accordingly, or even in order to

compare two pieces of data side by side.

4.6.2.1 Hand Slider

For this transformation method, the user is presented with Scaling, Rotation and

Translation options. After selecting one of those with an air-tap gesture, the user is

prompted to slide their hand sideways (as in Fig. 4.16), just like in the homonymous

data-extraction method. This gesture changes the virtual object transform accordingly

to this hand movement. This method is very similar to the classic resize borders 2D

transform technique, also adapted to 3D in some works in the literature (CHACONAS;

HöLLERER, 2018). The decision of not using the interactive borders for this is the room-

scale aspect of the data. Since the virtual EMFs are scalable to sizes bigger than the room,

its borders are easily occluded by the walls, becoming virtually impossible to find them.

For this reason, a hand-guided menu (i.e. a virtual menu that is projected onto the user’s

hand) presents all of the transformation options, always available for the user to interact

with.

4.6.2.2 Freeze Gaze

Inspired by the work of Grandi et al. (GRANDI et al., 2018), this method is

an adaptation of their Device Movement Manipulation. By air-tapping on the field, the

virtual object becomes attached to screen, instead of the virtual world, like shown in Fig.

4.17. Using this approach, whenever the HMD moves or rotates, the virtual EMF moves

along with it, following the user’s head gaze. By performing another air-tap gesture,

6https://docs.microsoft.com/en-us/windows/mixed-reality/tracking-loss-in-unity
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Figure 4.16: Hand Slider manipulation method. User needs to first select a transform
option from the hand-guided menu (bottom-left). Then, by sliding their hand sideways,
they can control its translation, rotation or scale. Top: Frame taken from the user point of
view. Bottom: Demonstration of how the technique is operated.

Source: The Authors
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Figure 4.17: Freeze Gaze manipulation method. After tapping on the virtual field, it
becomes attached to the user’s view, allowing them to reposition it. Top: Frame taken
from the user point of view. Bottom: Demonstration of how the technique is operated.

Source: The Authors
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the object gets attached back to the virtual environment, being set in its new position and

orientation. The main contributions of the Freeze Gaze method are that the object freezing

is done touch-free and that the egocentric view aspect of the HMD allows for the users to

control the transformation by simply gazing, instead of needing to handle a device with

their hands.

4.6.2.3 Freeze Touch

Similar to the previous technique, the Freeze Touch works by detaching the virtual

EMF from the world environment and performing transformations based on user move-

ment before reattaching it. However, this method triggers the freeze state whenever the

user’s hand enters – or virtually touches – the EMF borders, locking the virtual mesh to

the user’s hand instead of their vision, as depicted in Fig. 4.18. In this particular imple-

mentation, this attachment is redone when the user intentionally takes their hand away

from the HMD field of view, setting the virtual object in its new position and orientation.

Both the detachment and reattachment actions can be performed without the need for any

specific hand gestures, as long as the user hand is being tracked by the HMD. Again, this

method was partly inspired on a hypothetical combination of the data touching metaphor

of Wagner Filho et al. (FILHO; FREITAS; NEDEL, 2018) and the device movement ma-

nipulation of Grandi et al. (GRANDI et al., 2018), being also similar in nature to the

direct touch and grab technique, from Kang et al. (KANG; SHIN; PONTO, 2020).

4.7 User study

In order to assess the validity of the proposed solutions, two user tests were de-

signed and performed: a comparison between three interaction methods and another of

two visualization techniques. Each interaction and visualization method was evaluated

against the other methods in its respective group. In both comparisons, users were asked

to perform a series of data-extraction tasks in an ASV context. Their performances were

measured regarding their task correctness, time and steps taken during each trial.

Moreover, a series of questions were used to assess some subjective aspects, such

as the system usability (SUS (BROOKE, 1996)), the overall workload (NASA TLX

(HART; STAVELAND, 1988)), any possible simulator sickness symptoms (SSQ (KENNEDY

et al., 1993)) and the sensation of virtual presence and perception in AR environments
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Figure 4.18: Freeze Touch manipulation method. By inserting their hand into the vir-
tual field, it becomes attached to the user’s hand, allowing them to reposition it. Top:
Frame taken from the user point of view. Bottom: Demonstration of how the technique is
operated.

Source: The Authors
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(based on Regenbrecht and Schubert (REGENBRECHT; SCHUBERT, 2002)). Prior to

any test, users were asked to sign a consent agreement, answer a few demographic ques-

tions and go through a short tutorial on how to use the HMD equipment.

4.7.1 Hypotheses

The experiment was designed to test the validity of the three hypotheses described

below.

H1: There is an effect of the different interaction and visualization methods

on the self displacement users need to perform in order to accomplish data-extraction

tasks in AR.

This hypothesis attempts to evaluate the distance users need to walk around their

environment while performing data-extraction activities in an Augmented Situated Visu-

alization context. For this, the number of steps each user takes during each condition will

be counted using a pedometer. Thus, the lesser steps taken on average with a specific con-

dition, the less users are likely to dislocate during such tasks while using that combination

of methods. This effect is particularly likely to be shown in methods that allow users to

extract data from afar, such as the Gazing technique.

H2: The different interaction and visualization methods affect the amount of

time users spend to perform data-extraction tasks in AR.

This hypothesis seeks to evaluate the time users need to spend while performing

data-extraction activities in an ASV context. For this, the amount of time each user takes

to complete each of the condition trials tested will be counted using a chronometer. The

results for each of the different methods will be compared in order to establish any sig-

nificant differences between them. This effect is likely to be exposed in the most easy to

learn and execute techniques, such as the Touch Lens technique.

H3: There is an effect of the different interaction and visualization methods on

the correctness of the extracted data.

This hypothesis aims to evaluate the correctness of the data extracted by users at

different positions in space. This will be tested by defining tasks using multiple physical

target objects in the environment, positioned in different places. An error ratio is com-

puted as a relation between the user readings and the ground truth values for each trial.

In this fashion, the smallest average error ratio for a specific condition will represent the
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combination of methods that obtain the highest correction. This effect is highly likely to

be seen in methods that allow users to make more refined readings with their hands, such

as the Hand Slider technique.

4.7.2 ASV data-extraction tasks

For the tests, a prop antenna was used as to situate real EMF data around it, as

shown in Fig. 4.19-left. In the experiment room, ten target objects were placed at differ-

ent distances, orientations and heights. One at a time, users were asked to measure the

intensity of the field when it touched one of these targets, much like Fig. 4.19-right. All

of their measurements were logged, as well as the time it took to complete the task and

the number of steps they took around the room, as a way to assess their performances.

Before and after every trial, subjects were prompted to take a seat in a default position in

the room. Apart from that, users were free to walk and take as much time as they wanted

to complete each task, as well as use the interaction method they were given whichever

way they preferred. Prior to the set of tests for each technique, subjects went through

three tutorial runs with it, as to allow them to learn how to operate it. As previously men-

tioned, the tests were divided into two comparisons, being separated in interaction and

visualization methods. The specifics for each of these are described below.

4.7.2.1 Interaction test

In this part of the tests, the interaction method was used as an independent vari-

able, maintaining the visualization fixed as the 2D colored ray casts. The three methods

designed for data-extraction – Hand Slider (HaSl), Gazing (Gaze) and Touch Lens (2DTL)

– were tested against each other. This test was designed to further develop the study of

interaction methods into an ASV context. By proposing and testing three different tech-

niques, the aim is to establish whether one of them will have an outstanding performance

when compared to the others in each of the hypotheses proposed.

The order in which they were tested was alternated between users, as to avoid a

learning bias. For each user, three of the ten targets were elected for each method, as

to not repeat these between conditions. Each of these three targets was repeated 3 times

to prevent outliers, using a latin square to alternate the order. For each technique tested,

three of the neglected targets were selected at random to be used in three tutorial runs
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Figure 4.19: Test Setup. Top: Virtual colored vectors signalize the radiation emitted by
the prop antenna at the center. Bottom: User measuring the signal strength hitting a target
object (cardboard box).

Source: The Authors
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(one per target) right before each condition was tested, as to allow the subject to learn

how to operate it. After the 9 trials for each method were concluded, subjects were asked

to answer the aforementioned questionnaires before continuing to the next condition.

4.7.2.2 Visualization test

Regarding the visualization part of the tests, the vis technique was used as the inde-

pendent variable, fixing the interaction method as the Touch Lens. The two visualization

designs – 3D field topology (3DTL) and 2D color-coded ray casts (2DTL) – were tested

against each other. This assessment was developed in order to further explore different

visualization techniques into the situated AR context. The objective is to demonstrate

whether one visualization presents a significant increase in performance when compared

to the other for each of the hypotheses proposed, maintaining the same interaction method

for both.

Again, the order of the methods was alternated between users and 3 of the 10 tar-

gets were used for each method, as to prevent repetitions between conditions, averting

learning bias. Each of the targets were repeated three times per condition in alternated

orders, avoiding outliers. In this test, the remaining unused targets were used at random

in three tutorial trials before each method was tested, so the subjects could learn how to

operate them. After all trials in each condition, users answered the qualitative question-

naires, before moving on to the next method.

4.8 Results

4.8.1 Demography

Given the current global pandemic situation, only five subjects were able to take

part in the tests. The recommended social distancing and equipment sanitization proce-

dures were followed as to not put any of the volunteers or testers at risk. Users were in an

age group between 19 and 40, the average age being 28, with a standard deviation of 8.21.

Two of the subjects identified themselves as female, the other three, male. Three of them

claimed to either work or study in IT-related fields. All subjects were either enrolled in

or had already graduated a higher education program (2 BSc., 2 MSc., 1 PhD). Regarding

physical conditions, one subject was left-handed, three myopic, two astigmatic and one
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color blind.

When asked about their levels of familiarity with certain technologies, three sub-

jects answered very high about video games (1 average and 1 none), one very high for AR

in smartphones (3 average and 1 none), one average for VR HMDs (2 low and 2 none)

and one very high for AR HMDs (1 low and 3 none).

No significant correlation between age, gender, occupation, physical conditions or

previous familiarity and the performance measurements was found.

4.8.2 Objective Results

Given the values measured, a Shapiro-Wilk test showed that most of the distribu-

tions were normal. Then, we analyzed those further in a series of paired t-tests to check

the significance of the results.

4.8.2.1 Walking Steps

As seen in Fig. 4.20, a comparison of the number of steps taken by ther users in

the three different interaction conditions was conducted. The same was done to the two

different visualization conditions.

There was a significant difference in the number of steps taken comparing the

Hand Slider method (M=10.27, SD=4.69) with the Gaze method (M=8.36, SD=5.78);

t(44) = 2.08, (pttest = 0.041) and with the Touch Lens method (M=8.56, SD=3.34);

t(44) = 2.16, (pttest = 0.033). This suggests a considerable decrease in the self dis-

placement users need to perform in order to accomplish the tests with the Gaze method

(18.61%) and with the Touch Lens method (16.66%).

Regarding the visualization methods exposed in Section 4.5, although we observe

a substantial increase in the mean number of steps taken (23.63% from 2D to 3D), the

results could not demonstrate a significant effect (pttest ≈ 1.3e − 1). This lack of sig-

nificance is likely due to the high variance between subjects in terms of 3D familiarity

combined with the relatively small number of subjects.

4.8.2.2 Time

In relation to the amount of time it took for the subjects to finish the trials (Fig. 4.21),

a significant difference was found in a paired t-test when comparing the Hand Slider
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Figure 4.20: Average steps taken by the participants, regarding each of the methods tested.

Source: The Authors
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method (M=36.18, SD=31.25) with the Gaze method (M=20.93, SD=21.97) conditions;

t(44) = 2.90, (pttest = 0.005), as well as with the Touch Lens method (M=12.24,

SD=7.57); t(44) = 4.97, (pttest = 0.000008). Taking the Hand Slider as the baseline,

these results indicate a considerable decrease (42.1%) in the time users need to spend to

accomplish the task with the Gaze method, along with an even greater decrease (66.1%)

for the Touch Lens method.

Once more, albeit exposing a substantial increase in time taken (87.6%), the com-

parison between the 2D and 3D visualization methods was not statistically significant

(pttest ≈ 1.2e− 1).

Figure 4.21: Average time taken by the participants, regarding each of the methods tested.

Source: The Authors

4.8.2.3 Correctness

Based on the intensity measurements given by the subjects during the trials, an

error ratio is computed as a relation between the user reading and the ground truth value.

This ground truth value was measured as the average result of several ad hoc test runs for
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each target location. In this sense, smaller error values are considered as more accurate

answers. The average error committed by users during each method trial is available in

Fig. 4.22.

In a paired t-test, a significant difference was found in the error ratio committed by

the users regarding the Hand Slider method (M=8.84, SD=17.51) and the Gaze method

(M=17.93, SD=22.87) conditions; t(44) = −2.61, (pttest = 0.011). This difference

implies a considerable (102.9%) increase in the error ratio users committed in order to

accomplish the tests with the Gaze method.

Regarding the visualization comparison, there was a significant effect on the errors

made by the users regarding the 2D Touch Lens method (M=10.10, SD=7.05) and the 3D

Touch Lens method (M=4.61, SD=2.96) conditions; t(44) = −4.73, (pttest = 0.00002).

This indicates a considerable (54.38%) decrease in the error ratio to accomplish the tests

in the 3D topography visualizations.

Figure 4.22: Average intensity error based on measurements taken by the participants,
regarding each of the methods tested.

Source: The Authors
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4.8.3 Subjective Results

4.8.3.1 Usability

Figure 4.23: System Usability Score (BROOKE, 1996) for each of the conditions tested.

Source: The Authors

After the set of trials for each of the conditions tested, a series of subjective ques-

tionnaires were applied to the subjects. SUS (BROOKE, 1996) was used as a way to

measure the usability of each method. In its score-based analysis7, the results are avail-

able in Fig. 4.23. In short, all techniques were deemed either acceptable or marginal, with

all three interaction methods being rated above average in the 2D visualization.

4.8.3.2 Discomfort

The data collected for simulation sickness (KENNEDY et al., 1993) revealed that

there was not a high discomfort observed in any of the tested conditions, as depicted

in Fig. 4.24. Three out of the four conditions tested presented negligible symptom re-

sults (KENNEDY et al., 2001). The Gazing method, although having reached the level of

significant symptoms (10.47 points, SD = 13.32), scored far below the level of concern,

with most of the subjects having reported minimal (20%) or no symptoms at all (40%).
7https://measuringu.com/interpret-sus-score/
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Figure 4.24: Sickness score for each of the conditions tested, based on the Simulator
Sickness Questionnaire (KENNEDY et al., 1993)(KENNEDY et al., 2001).

Source: The Authors

4.8.3.3 Perception and presence

As an effort to evaluate the user perception of the virtual data elements spread

around the environment, a presence questionnaire aimed at AR experiences was applied

to the subjects after each method trial. Available in Fig. 4.25 are the presence scores

for each of the conditions tested, divided into three components, namely the realness

and spatial presence of the virtual elements, as well as the perceptual stress caused by

them. These results are based on the AR-focused presence questionnaire proposed by

Regenbrecht and Schubert (REGENBRECHT; SCHUBERT, 2002).

4.8.3.4 Workload

With the objective of measuring different types of effort exerted by the subjects,

the NASA TLX test (HART; STAVELAND, 1988) was applied. Considering the results

exposed in Fig. 4.26, it is notable that all three interaction methods (using the 2D visu-

alization) were perceived as less demanding in almost every kind of effort than the 3D

visualization technique. Besides that, the Touch Lens interaction method in its 2D view

was deemed as the least demanding in all workload aspects.
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Figure 4.25: Presence score for each of the conditions tested, divided into three compo-
nents: realness, spatial presence and perceptual stress (REGENBRECHT; SCHUBERT,
2002).

Source: The Authors

Figure 4.26: NASA Task Load Index (HART; STAVELAND, 1988) scores for each of the
conditions tested. Bars tagged as "Overall" (far left) are the final unweighted TLX results.

Source: The Authors
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4.8.3.5 Additional feedback

In a more general assessment, after each test condition, users were asked to re-

spond to the following six statements on a 5-point scale, with their answers available at

Fig. 4.27:

1. In the application world, I had a sense that the virtual elements were there with me.

2. It was easy to navigate myself through the data.

3. It was easy to interact with the system.

4. It was easy to find the required information.

5. It was easy to remember how to do what I was asked.

6. Using the technique was comfortable.

When directly asked to rank the interaction methods tested from most to least fa-

vorite, 60% of the subjects chose to place the Gazing method in first, with the other 40%

choosing Touch Lens as their preferred interaction method. Regarding the visualization

techniques, 60% said they preferred the 2D ray casts over the 3D topology. In addition,

two subjects complained about the hand-tracking capabilities of the device, claiming it

lost track multiple times and that holding out their arm and finger for the HMD to recog-

nise them was annoying over the course of the tests.

Figure 4.27: User responses to general questions regarding each of the conditions tested.

Source: The Authors

4.9 Discussion

Based on the results exposed, we make here a short analysis of the possible mean-

ings behind them. They are split below between the Interaction and Visualization com-

parisons as a way of discerning the contributions for these two fields.
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4.9.1 Interaction

Considering the interaction portion of the hypotheses presented, all three were

shown to achieve significant differences in the results, partially proving all of them. In a

short-sighted view, it would be possible to rank the three interaction methods according

to each of the performance variables taken. This would leave Hand Slider as the best

technique regarding correctness, in the sense that it presented a significantly smaller error

rate than the others, in part confirming hypothesis H3. Taking into account the manual

refinement precision tool it offers, this is not a surprising result. Regarding the presence

and perception questions, this method was also rated as the most realistic, most spatially

present and least perceptually stressful among its kind, corroborating for the low error re-

sults, arguably setting the users at ease during the tests. It is relevant to note that it ranked

as the most time-consuming among the interaction techniques, which might indicate a

precision-time trade-off.

In the same line of thought, Touch Lens ranked as the least time-demanding method,

with statistically significant results, validating the interaction part of hypothesis H2. Since

users quickly realized that they only had to walk to the target and place their hands there in

order to perform a reading, their cognitive load might have been diminished during these

trials, which might explain the decrease in time. This method also presented favorable

results for intensity correctness (with the second smallest error rate), steps taken (sec-

ond fewest average number of steps) and workload (smallest Task Load Index) which are

highly compelling results in its favor. Among the techniques, the touching metaphor was

also the most familiar to the subjects, given its similarity to regular human behaviours,

which may explain the results.

The Gazing method came in first in requiring the least amount of physical dis-

placement by the user, supporting hypothesis H1. This makes a case for it being the

overall most advantageous way of interacting with data from a distance, specially since it

obtained both the best SUS score and overall user preference among the interaction meth-

ods. The actual number of steps taken during these trials is arguably due to data occlusion,

either by physical objects or other pieces of data. This could be mitigated with different

techniques that minimize occlusion, such as making the data dynamically adaptive to the

user position (GUARESE et al., 2020a), or let the user interact with the occlusion, such

as filtering through walls or disabling it altogether (Caggianese; Colonnese; Gallo, 2019).

Although a fast and low demanding technique, gazing scored very poorly in its correct-
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ness assessment, which suggests that it is only viable for quick measurements, that do not

prioritize accuracy. Another possible concern is how high its sickness score was when

compared to all others, which might indicate a slight tendency to nausea from excessive

head movement.

4.9.2 Visualization

It is important to note that adding a third dimension to a problem is expected to

increase its difficulty. In relation to that, the results expressed in the 2D ray casts and the

3D topology comparison are much as expected, despite the number of steps and amount

of time not having reached statistical significance. Nevertheless, we strongly believe that

a larger set of users would suffice to expose the significance of these correlations, proving

hypotheses H1 and H2. Considering the correctness results (Fig. 4.22), on the other hand,

a very significant effect of the visualization method can be observed, supporting H3.

Regarding the lack of a third dimension in the ray casts view, we believe that

allowing the user to manually segment the 3D topologies into 2D planar cross sections

would bring out the best in both visualizations (SANANDAJI; GRIMM; WEST, 2017).

This would both legitimize the use of the planar ray casts as a fully spatial visualization

approach and make the topology view to provide a better usability and require less of a

workload demand, besides allowing for the use of the other interaction techniques. De-

spite the very low usability score and very high Task Load Index, 40% of the subjects still

claimed to prefer the 3D topology view over its 2D counterpart.

Given the presence and perception assessment, the 3D topology view clearly showed

its value. In all three of the components measured, it was deemed as more real, more spa-

tially present and less perceptually stressful than the 2D ray casts when being analyzed

with the same interaction technique (Touch Lens). Additionally, in the correctness as-

sessment, the 3D topology view surpassed its two-dimensional contestant, ranking as the

most precise visualization technique.

4.10 Limitations

Regarding the 3D visualization, non-expert subjects in our study might have been

misled into interpreting the topologies as a volume, due to their virtual mesh. Electro-
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magnetic fields are continuously broadcasted in all directions, however with different

intensities, which could also be showcased as vectors. This sense is better expressed in

the 2D ray casts view. The 3D topology into 2D planar fields segmentation is arguably a

reasonable way to rectify this limitation.

As to properly evaluate the use of ASV in the EMC field, a formal specialist user

test is still required. The next step in this sense would be to assess the proposed visualiza-

tions with experts with EMC backgrounds, in a set of interference avoidance tasks. This

test should be held inside an anechoic chamber, where subjects will analyze the EMI data

between two different antennas and move them around as to get an optimal placement,

minimizing interference.

4.11 Conclusion

This chapter presented the proposal, development and analysis of ASV interaction

and visualization methods aimed at aiding decision-making in an EMC testing context.

The use case application is intended for helping expert users to analyze electromagnetic

fields and EMC data in general. Using an AR HMD, users were able to visualize the

spatial data read by high level industry standard EMC equipment in a series of task-based

sessions, having their performances assessed in multiple ways.

The approaches presented in this paper demonstrated to have different effects on

data-extraction tasks. The least error-prone and effort demanding (in time and user dis-

placement) methods were exposed, suggesting that specific techniques may be used de-

pending on the task priority. Suggestions have also been made as to proceed with further

design by combining different methods and testing the application in real EMC assess-

ments, with actual field experts as users. Furthermore, this was a relevant step forward

in the Situated Visualization research, as there still is a gap in commercial and industrial

applications that needs to be filled, and the proper interaction and visualization techniques

need to be in place as to support its reach into the general public.

In order to legitimize the use of ASV in the EMC field, specialist user studies

are required. One future step is to assess the proposed visualizations with EMC experts.

Based on our findings, the combination of the two visualization methods into a field seg-

mentation tool is suggested to be implemented and tested against traditional allocentric

views of the same data. We also believe the gazing technique does not have enough ad-

vantages for it to be included in the tests.
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5 GENERAL CONCLUSIONS

Overall, the current work exposed three data visualization use cases where Aug-

mented Situated Visualization was applied and how it impacted those particular scenarios

during decision-making tasks performed by users. Both current and traditional interaction

methods were adapted into this paradigm, always focusing on freehand gestures, minimiz-

ing the need to touch any devices or surfaces. Arguably, the main advantage of ASV when

compared to 2D maps or 3D representations is not requiring a mental translation from the

allocentric view of the data into the physical location surrounding the user.

In that sense, the proposed applications exposed compelling results in their favors.

Exposing these is fundamental to further the research and product development in infor-

mation visualization as a whole. Given that somewhat precise GPS data is widespread in

daily use devices such as smartphones, incorporating this information into outdoor com-

mercial applications is already feasible1. Having inexpensive and commercially available

precise tracking systems should contribute to accomplish the same thing in indoor appli-

cations.

5.1 Main contributions

Considering the overall results, the use of AR interfaces for analyzing data spa-

tially situated in loco was deemed as a valid and promising solution in three different

contexts, exposing acceptable scores in usability and workload. In the classroom seat-

choosing task, a gain in choice accuracy and fewer walking steps taken were recorded

when using the AR solution in comparison to interactive 2D maps of the room. During

outdoor path-following assessments, the ASV demanded from users lower attention focus

levels than its 2D counterpart. In the EMC context, user trials indicated a precision-time

trade-off for the different data-extraction interaction methods tested, suggesting that spe-

cific techniques may be chosen based on task requisites. The analyses and these lessons

learned constitute guidelines for further improvement in the design of better situated in-

terfaces for data visualization.

1https://www.theverge.com/2019/8/8/20776247/google-maps-live-view-ar-walking-directions-ios-
android-feature
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5.2 Limitations and future work

During the comparisons with 2D maps, users took on average more time to finish

tasks with the situated visualization. As planar screen-based visualizations are prevalent

and commonly used, 2D maps can still be considered as a gold standard for data visual-

ization. AR still feels like a foreign concept to most users. This is also supported by users

having demonstrated interest in the novelty aspect of the ASV solutions, discussed in Sec-

tion 3.5. In this sense, given the current state of user adaptation, these results might be

given by a certain familiarity bias. As a way to adjust this gap, longer and more thorough

tutorial sessions should be held prior to the experiments in future studies.

Some of the results presented throughout this work did not present statistical sig-

nificance, specially in Chapters 2 and 3. In most of these cases, we believe higher popula-

tion sizes would suffice to expose the differences in results. This could also be redressed

by asking subjects to perform more complex and thorough tasks, increasing the num-

ber of samples per subject. Addressing these issues by planning ahead in future tests is

imperative in order to achieve more significant results in reproducible experiments.

Considering other possible use cases, ASV could benefit several study fields, such

as simple expositions of floor plan information in civil engineering (e.g. electric wiring

and water pipes inside walls). Given the current COVID-19 pandemic, for instance, vi-

sualizing the local spread of breath particles in the air or on surfaces during gatherings

could possibly educate people on how to avoid infection. A similar study could also be

done with the presence of radioactive particles atop surfaces on nuclear power plants and

hospitals, enabling workers to hastily detect and avoid contamination.
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6 RESUMO EXPANDIDO

6.1 Introdução

Este trabalho pretende revisar, projetar e sugerir o uso de técnicas de Visualização

da Informação, especialmente Visualização Situada (VS) (TATZGERN, 2015), bem como

novos métodos de interação particularmente voltados para esse contexto. Juntamente com

um capacete de display óptico de Realidade Aumentada, usado para fornecer informações

sobre a vizinhança do usuário, a VS ajuda os usuários a se familiarizarem com dados sem

precisar explorá-los exaustivamente.

Embora apresentando cenários específicos, os estudos a seguir são adaptáveis a

vários casos de uso relevantes. Isso inclui até tarefas simples do dia-a-dia, como: registros

médicos em quartos de hospital, situados acima da cama de cada paciente, facilitando o

trabalho diário de enfermeiros e médicos; relatórios de desempenho escolar em salas

de aula, posicionados sobre as mesas dos alunos, informando ao professor quais alunos

precisam de mais atenção durante uma aula ou exercício; e pedidos de clientes em restau-

rantes, pairando sobre mesas de jantar, demonstrando os pedidos e o tempo de serviço

dos pratos. Além disso, esse conceito preserva a liberdade de movimento do usuário, uma

vez que o equipamento utilizado funciona como uma plataforma autônoma, dispensando

cabos e liberando as mãos do usuário, permitindo uma exploração e interação contínuas

com o ambiente.

6.2 Visualização Situada Aumentada como uma ferramenta para tomada de decisão

Ao acessar espaços internos, como salas de aula ou auditórios, as pessoas podem

tentar analisar e escolher um local apropriado para ficar enquanto assistem a um evento.

Vários critérios podem ser considerados e a maioria nem sempre é evidente ou trivial.

Este estudo propõe o uso da visualização de dados aliada a uma interface de usuário de

Realidade Aumentada para ajudar os usuários a definir os assentos mais convenientes a

serem tomados. Esta solução é usada para ilustrar o conceito da Visualização Situada

Aumentada (VSA).

Conjuntos de demandas arbitrárias foram considerados e as informações são pro-

jetadas diretamente sobre os assentos e ao redor da sala. A abordagem proposta foi testada

contra uma visualização interativa 2D comparável dos mesmos dados em avaliações de
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usabilidade de tarefas de escolha de assento. Um conjunto de usuários foi usado para val-

idar a solução como uma ferramenta de tomada de decisão. Dados qualitativos e quantita-

tivos indicaram que a solução baseada em Realidade Aumentada é promissora, sugerindo

que a RA pode ajudar usuários a tomar decisões mais precisas, mesmo em tarefas diárias

comuns. Em relação à VSA, nossos resultados abrem novos caminhos para a exploração

de dados sensíveis ao contexto.

6.3 Visualização Situada Aumentada para tarefas de navegação de rotas ao ar livre

A navegação em ambientes reais é sem dúvida uma das principais aplicações do

paradigma de interação de realidade mista (RM). No entanto, as limitações intrínsecas do

hardware de RM têm sido um fator importante que prejudica a avaliação de interfaces de

RM vestíveis. Este estudo propõe um sistema de RM vestível com base em dispositivos

disponíveis comercialmente como uma alternativa ao paradigma generalizado de nave-

gação GPS baseado em dispositivos móveis. O protótipo apresentado usa hologramas

virtuais colocados no terreno, em vez da abordagem usual de exibição heads-up, em que

os elementos virtuais seguem fixos à linha de visão.

O objetivo é expor se essa visualização aumentada de navegação é tão eficaz

quanto uma interface móvel para seguir rotas, com a vantagem de exigir menos atenção,

mantendo os sentidos livres para uma tarefa primária, por exemplo dirigir ou conver-

sar. Em um experimento com usuários, desempenho e usabilidade foram analisados. A

atenção do usuário foi monitorada via eletroencefalografia (EEG) durante a execução de

uma tarefa de navegação usando a interface em RM ou do dispositivo portátil. Os resulta-

dos mostram que os usuários consideraram que a solução oferece uma maior visibilidade

ao tráfego e aos dados da rota. As leituras de EEG também expuseram um nível de foco

menos exigente para o nosso protótipo. Uma facilidade para aprender e usar também foi

indicada para o sistema de RM.

6.4 Visualização Situada Aumentada em prol de testes em Compatibilidade Eletro-

magnética

Na engenharia elétrica, a radiação eletromagnética frequentemente precisa ter seus

dados analisados por especialistas para detectar qualquer interferência ou anomalia ex-
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terna. Em um contexto de hardware eletrônico, o campo que estuda esse tipo de avali-

ação é chamado de compatibilidade eletromagnética (CM). Como forma de dar suporte

à análise da CM, propomos o uso da VSA para fornecer aos profissionais informações

visuais e interativas que os ajudem a compreender esses dados, porém situando-os onde

são mais relevantes em seu contexto espacial. Os usuários podem interagir com a visu-

alização alterando os atributos exibidos, comparando em sobreposição diversos campos

eletromagnéticos e extraindo dados, como uma maneira de refinar sua busca.

As soluções propostas neste estudo foram testadas entre si em visualizações inter-

ativas 2D e 3D comparáveis dos mesmos dados em uma série de avaliações de extração de

dados com os usuários, como forma de validar as abordagens. Os resultados expuseram

uma uma relação de trade-off entre o tempo e a corretude para os métodos de interação,

com Hand Slider tendo sido a técnica menos suscetível a erros e Touch Lens a que exigiu

menos tempo. Para os métodos de visualização testados, a visualização planar codificada

em cores exigiu menos tempo e esforço do que a visualização em topologia 3D, porém

expondo uma taxa de erro mais alta. Por fim, este trabalho expõe que a RA pode aju-

dar os usuários a obter melhores desempenhos em um contexto de tomada de decisão,

principalmente em tarefas relacionadas à CM.
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