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ABSTRACT
Virtual humans have been successfully utilized in many diverse
application areas (e.g., medical training, education, and
psychotherapy), but they have minimally been used for data
visualization. In this paper, the goal was to compare user
perception of two approaches to data visualization: 1) a particlebased visualization (i.e., based on the science of energy transfer)
as a baseline visualization and 2) virtual human-based
visualizations. We integrated these two approaches into a novel
augmented reality-based architectural design education
application and conducted a user study with 27 3rd and 4th year
architecture students. The study compared these two visualization
approaches in visualizing a temperature data set for a house. We
wanted to determine the impact on user perception of temperature,
learning motivation, and perceived learning effectiveness. We
hypothesized that participants would have greater temperature
estimation error with the virtual humans visualization because of
bias derived from empathy experienced with the virtual humans.
Surprisingly, results were not what we expected. Our results give
insight into user perceptions of these visualizations and some
unexpected advantages of using virtual humans for data
visualization.

elicit emotions or empathy because it may bias the user. However,
this bias may be desirable in some cases (e.g., to motivate or
enhance memory in advertising or education[5]). VHs may be
able to elicit empathy [6], but it has yet to be determined how
VH–based visualizations will impact user interpretation of data.

Categories and Subject Descriptors
H.5.1 [Information Interfaces and Presentation]: Multimedia
Information Systems—Artificial, augmented and virtual realities;

General Terms
Experimentation, Human Factors.

Keywords
Visualization, Virtual Human, Augmented Reality, Tangible User
Interfaces, User Study, Education.

1. INTRODUCTION
Virtual humans (VH) have been successfully utilized in many
diverse application areas (e.g., medical training[1], education[2]),
but to our knowledge, they have never been used for data
visualization. Traditionally, data visualization affords user
interpretation of data through visual representations, such as
points for scalar data, particle traces for vector data [3], and
metaphors (e.g., a tree to represent a file structure) for information
data [4]. However, these visualizations typically do not attempt to
Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that
copies bear this notice and the full citation on the first page. To copy
otherwise, or republish, to post on servers or to redistribute to lists,
requires prior specific permission and/or a fee.
Conference’10, Month 1–2, 2010, City, State, Country.
Copyright 2010 ACM 1-58113-000-0/00/0010 …$15.00.

Figure 1. Top: VH-based visualization. Bottom: particlebased visualization.
Hypothetically, VHs may offer a host of novel methods to
represent data. VHs have almost unlimited configurations with
respect to appearance and animation. That is, they have many
multimodal degrees of freedom (e.g., facial shape, rotation and
translation of limbs, color, voice), which could be mapped to
variables in the data. Then, for example, a variable interacting
with another variable (i.e. statistically as in ANOVA) could be
represented by social interactions between VHs (i.e., offering
social context). VHs offer many data visualization possibilities,
which currently have unknown effects on user interpretation. This
is what we aimed to investigate in this paper.

Specifically, we conducted a within subjects study that
investigated how users perceived a VH based visualization as
compared to a particle-based visualization (Figure 1). These were
visualizations of temperature data, which was part of an
educational simulation of architectural design. The particle
visualization was representative of how air molecules move in a
house, based on changes in temperature. Similarly, the VH
visualization was representative of how humans move in a house,
based on changes in temperature.
Thus, we were interested in determining the perceptual effects of
these visualizations in our related educational application Augmented Reality for Passive Solar Energy Education (ARSEE). AR-SEE is an Augmented Reality application for mobile
phones for Passive Solar Energy Education. AR-SEE was
designed to provide students both the practical and scientific
knowledge about how passive solar energy affects the temperature
inside a house. AR-SEE combines a mobile phone-based AR with
a physical model of a house. Users interactively change the
parameters of the house (e.g., roof style, windows, building
materials), which changes the internal temperature inside the
house. These changes were visualized through animated
visualizations of either particles or VHs in our study.
For the study tasks, participants made changes to the house and
estimated the temperature changes based on each visualization.
They had to use their perception of the visualizations to configure
the house in hottest and coolest configurations. Because our goal
was to study perception, we didn’t want results to be confounded
by participants’ prior knowledge or intuition about architectural
design (e.g., making the roof larger will provide more shade,
which will probably decrease temperature inside the house). To
minimize these learning and history confounds, participants were
informed that they could not use their intuition or prior
knowledge of architectural design because the temperature
changes were randomized. That is, their temperature estimations
and house configuration choices were based entirely on
perception of the visualizations.
We hypothesized that participants would have greater error with
the VHs because of participants would empathize with humans.
Whereas, we expected that particles would elicit lower error
because there would be no empathy or emotional reactions.
Participants were able to complete the configuration tasks
effectively in both conditions. However, the temperature
estimation error results turned out to be quite surprising. That is,
although task performance was similar in both conditions,
perception of visualization was the opposite of what we expected
(see section 5. Results and Discussion).

2. BACKGROUND LITERATURE
This section focuses previous work in 1) visualization 2)
visualization in AR and 3) Virtual Humans. This section also
provides motivation for our choices of study conditions (i.e. VH
visualization vs. particle visualization) and the impact on AR.

2.1 Visualization
The purpose of this visualization review is to highlight that 1)
Particle based visualizations have been researched for many years,
are still being researched, and are thus a relevant choice for a
baseline in our study and 2) Metaphors have been used as a basis
for designing visualizations but VH-based metaphors have been
minimally explored.

2.1.1 Particle-Based Visualizations
Particle-based rendering algorithms[3] are standard visualization
methods and there is much recent research that uses these methods
For example, Klein et al. used particles for flow visualization (i.e.
vector fields) in 3D. de Souza Filho et al.[7] used particle-based
algorithms for tensor field visualization. Similar to our work,
Lange et al.[8] used 3D particles to visualize temperature data in
buildings. The main point is that particle-based visualization is
used actively in current and past research, which makes it a good
baseline to compare with new types of visualizations. This is one
of the reasons we chose to compare virtual human-based
visualization with particle-based visualization in our study.

2.1.2 Metaphors in Visualization
In information visualization, “Visual metaphors map the
characteristics of some well-understood source domain to a more
poorly understood target domain so as to render aspects of the
target understandable in terms of the source.” [9] Metaphors have
been widely used in information visualization and are still an
active area of research. For example, Rahman et al.[10] use a car
driving metaphor to visualize online search results of multimedia
learning resources.
VH-based visualization could be considered a visual metaphor.
However, the effectiveness of VHs as visual metaphors has been
minimally explored. We begin to evaluate this in the research
presented in this paper/

2.2

Visualization in AR

Visualization is an important topic in AR. The visual modality has
traditionally been the primary focus in AR research. Most AR
visualization related research has focused on novel interaction
techniques, toolsets, or visualization techniques, including:
scientific visualization collocated with the corresponding physical
area where the data was collected. [11], x-ray vision of buildings
and overlaid data visualization [12], AR-based information
visualization [13], and visualizing GIS data in situ[14].
There are a few AR visualization papers that present guidelines
based on empirical study. Furmanski derived a series of guidelines
for visualizing occluded information in AR and found that
cutaway techniques can impact the depth perception of the users,
in that they perceive virtual objects in the cutaway to be closer
than objects in the real world [15].
White and Feiner investigated visualization approaches with
handheld AR on a UMPC for visualizing carbon monoxide data in
the context of the real world where the data was originally
collected. Through user studies, they investigated various methods
of representing the data and found that different representations
(e.g. spheres versus smoke) elicited different user reactions [16].
Quarles et al. developed and evaluated the augmented anesthesia
machine, which visualized a simulation of gas flow and internal
components to enhance education and training. They found that
combining this visualization with real-machine interaction
enabled users to learn more effectively[17].
Visualization is an important area in AR, but there are still major
gaps, especially in perception of visualizations in AR. This is the
focus of our research.

2.3 Virtual Humans
2.3.1

Virtual Humans for Education

Virtual humans have been very effective in education as
instructors and communication skills trainers. Ieronutti and
Chittaro used virtual humans as a coach/Instructor in an
educational virtual environment. The virtual humans explained
physical and procedural tasks, allowing learners to receive more
practical explanations which are easier to understand. The virtual
humans could communicate with students in a natural way by
exploiting verbal and non-verbal communications[2]. Takacs and
Kiss used virtual humans to enhance a user’s ability to learn. By
using a photorealistic virtual human, a user’s declarative and
procedural memory was engaged. The virtual human was able to
retrieve data from the physical world and the user, which was
used to adjust the VH’s mood and expressions [18]. Johnsen et al
validated a virtual human for interpersonal skills education. The
virtual human presented signs of illness and users interact with it
as they would a real human with gestures and speech. Users asked
the virtual human a series of questions for diagnosing illness.
After each question, the virtual human replies with a pre-defined
speech or gesture [1]. According to Paiva et al. [6], VHs can
improve learning through evoking empathy, which we expect may
have an impact on learning in our AR-SEE application.

2.3.2

The two purposes of this section are to 1) introduce the novel ARSEE application as a potential use case for VH data visualization
and 2) provide a real application context for our study’s
interfaces, visualizations, and tasks.
This research is based on the AR-SEE project which is an
Augmented Reality application for mobile phones for Passive
Solar Energy Education. AR-SEE combines a mobile phonebased AR with a physical model of a house. Users interactively
change the parameters of the house (e.g., roof style, windows,
building materials), which changes the internal temperature inside
the house. These changes are visualized through visualizations
shown in situ on the phone. The application was designed to
provide students the scientific knowledge about how passive solar
energy affects the temperature inside the house, which affects
energy usage efficiency.

3.1.1

Interaction

Virtual Humans in AR

There has been some work on effectively integrating virtual
humans into augmented reality. Balcisoy et al used a virtual
human as a representation of computer opponent in an AR
Checkers game. The virtual humans had speech, facial and body
animations driven by the Checkers game [19]. Vlahakis et al
created virtual humans in AR to represent Ancient Olympic
athletes at cultural heritage sites. Historical and Bibliographical
data were used to make their animations as accurate as possible.
The virtual humans could then be seen participating in various
Olympic style games in situ with the site [20]. Vacchetti et al
investigated real-time interaction between virtual humans and real
scenes. The virtual human was used as guide and instructor. Using
a head mounted display, users navigated through a building or
factory. The virtual human instructed how to use machinery in a
factory and guided them through the corridors of a building [21].
The main point is that VHs have been used effectively in many
applications. However, to our knowledge, VHs have not been
used for data visualization. Given their effectiveness in other
applications, we expect that integrating VH’s emotional context
into data visualization will have benefits to some visualization
tasks (e.g., persuasive tasks such as advertising or the task of
motivation in education).

2.4

3. AR-SEE: AUGMENTED REALITY FOR
PASSIVE SOLAR ENERGY EDUCATION

Our Contributions

We propose three main contributions of this paper:
 VH-Based visualization techniques: To our knowledge,
virtual humans have not been used as a data
visualization technique before
 Factors that affect perception of visualization: Results
of our study provide insight into how users perceive
virtual humans and particle visualizations in tangible
AR
 AR-SEE application: this expands the known uses of
AR technology

Figure 2. Tangible Interfaces
A user has three complementary ways to interact with AR-SEE
(figure 1). Users look through the phone and point it at the big
green marker. They can freely walk around and view the
simulation. They can physically zoom in to see what is happening
inside the house.
The second way of interaction consists of the phone’s touch
screen interface that includes three buttons located on the right
side of the screen and which allow the user to select the material
for the roof of the house, the material for the base of the house,
and the x-ray button which makes the house partially transparent
to allow the user to see either the visualization (e.g., particles or
the virtual humans) inside the house.
Users are able to modify the architecture of the house through the
tangible interface (figure 2), which consists of small markers to
select between two different types of roofs and select from four
different types of windows. When the users desire to change the
roof or window, they hold the phone with one of their hands,
remove one of the small markers and put in another marker with
the other hand. As a result, the virtual house will change its
architecture according to the marker that is chosen.

3.2 Particle Visualization
The particle visualization (figure 1 bottom) visualizes the
Brownian motion effect by using little yellow cubes distributed
around the living room in the house. These cubes move around
the space of the room with a speed directly proportional to the
temperature inside the house. For example, if the temperature is
at its highest the particles move faster and when the temperature is
at its lowest the particles move slower. Visually, the particles
appear to be moving in random directions within the volume of

the house but they bounce off each other and the walls of the
house.

4.

However, we made sure to make the changes in speed apparent
between temperatures, which can be seen in the results of our
study (see section 5 results on configuration tests).

The objective of this within-subjects study was to investigate how
users perceive VH-based visualizations as compared to the more
common particle-based visualization as a baseline. Participants
progressed through two conditions in random order in which
temperature changes were visualized with either: 1) animated
virtual humans and 2) particle animation resembling Brownian
motion (i.e., how atoms move in different temperatures). Based on
visualizations, the estimated the temperature changes and made
changes to the house design. The interaction and visualization was
enabled through a tangible augmented reality interface and a
mobile phone (AR-SEE in section 3).

3.3 Virtual Humans Visualization

4.1

USER STUDY ON VISUALIZATION
PERCEPTION

Hypotheses

Previous research has shown that VH can elicit user empathy [6].
Thus, we expected that participants would be more empathetic to
the virtual humans than the particle visualization. This increased
empathy could increase the range of temperature estimation and
also increase their motivation to learn with the virtual humans.
We also expected the particle visualization to be subject to less
empathy driven interpretation, which would afford less error in
estimation and performance. Specifically, our hypotheses were:
H1: Users will estimate a wider range of temperature changes
when the changes are visualized with animated virtual humans
instead of animated particles, leading to greater error in estimation
with virtual humans.
Figure 3. The animations for one of the virtual humans:
chatting, fanning self, wiping brow, dizzy, fallen forward
(i.e., fainted). The animations are mapped to increasing
temperatures.
AR-SEE also includes animated virtual humans as visualization
for temperature data. There are three virtual humans living in the
home. They all perform the same animations at the same time,
except for one that sits while others are chatting. Five animation
states (figure 2) were created for the virtual humans that mapped
to temperature level — sitting/chatting (less than 81 degrees
Fahrenheit), fanning self (81 to 85 degrees), wiping brow (86 to
90 degrees), dizzy (91 to 95 degrees) and falling forward (above
95 degrees). All of the animations, besides fanning self and
wiping brow were purchased from mixamo.com; wiping brow was
motion captured using a Microsoft® Kinect and iPi Soft’s iPi
recorder; fanning self was created manually in 3ds Max 2012.
Each unique animation maps to a specific level of discomfort with
sitting and chatting being considered equal. Sitting/chatting
where the lowest level of discomfort, followed by fanning self,
wiping brow, dizzy and finally, falling forward which was
considered the highest level of discomfort. These animations
correspond to the same temperature ranges as the particle
visualization.

3.4

System Description

The system used in the study consists of the following hardware
and software components: 1) Phone: HTC Desire HD (4.3 inch
screen, 1Ghz Processor, 768MB RAM, using 1024x768 camera
resolution) with Android 2.1, 2) AR: Qualcomm QCAR SDK 1.0
+ Unity 3.3.The system runs at approximately 20 frames per
second (fps).

H2: Users will perceive that the particles will be more helpful in
estimating temperature.
H3: Temperature estimation will take longer with virtual humans
than with particles, since the animations take time to play,
whereas the particles instantly change vibration when the
temperature changes.
H4: There will be no difference in configuration test errors
between conditions when users try to find the best and worst
configurations. In both conditions, the temperature changes were
easy to see.
H5: Users will be more motivated to learn about passive solar
energy with virtual humans-based visualizations than with
particle-based visualizations.

4.2

Conditions

All participants interacted with both the virtual human
visualization (described in section 3) (VIRTUAL HUMAN) and
the particle visualization (described in section 2.4.2)
(PARTICLE) in random order. There are a few differences
between the study application and the AR-SEE application to
better control the study. These differences are explained here
Firstly, we wanted to neutralize the effects of prior knowledge in
all conditions. Thus, for this study we randomized the effects of
changing house parameters on temperature data before the study
began, so that participants could not use prior knowledge of
passive solar energy or their intuition about passive solar energy.
Specifically, there were 2 different temperature data / house
design configurations. All participants experienced both
configurations, but with different visualizations. For example, if a
participant began with Virtual Human visualization and
temperature configuration B, then they would interact with
particles visualization and temperature configuration A, and vice

versa. Prior to beginning each condition, participants were
reminded of the temperature/configuration randomization.

4.2.1

3.

VIRTUAL HUMANS

The virtual humans performed the same as was described in
section 3. Prior to beginning this condition, participants were
informed how the humans would react to relative temperature
changes, but not the exact ranges. There were no other indications
of temperature besides the animations.

4.2.2

PARTICLE

Similar to VIRTUAL HUMANS, to visualize temperature, five
different temperature ranges were used, which corresponded to
five different movement speeds for the particles. In the first level
of speed (the lowest, i.e., particles move the slowest possible) the
temperature is in a range of less than 80 degrees Fahrenheit. In the
following second, a third and fourth level, the temperatures ranges
between 80 and 85, 86 and 90 and 91 and 95, respectively. The
last level is where one can observe the particles move at their
highest speed; this happens when the temperature reaches values
more than 95 degrees Fahrenheit. Note that, the particle
simulation, while conceptually accurate, is not scientifically
accurate with respect to how fast the particles move. Prior to
beginning this condition, participants were informed that
temperature would affect the speeds, but not the exact ranges.
There were no other indications of temperature besides the
particle visualization.

4.2.3 Ensuring temperature changes were obvious in
both conditions
It is important to note that we aimed to ensure the changes in
temperature were apparent to users. The point is that in both
conditions we tried to make the particle speeds and the VH
animations relatively obvious so that users could easily see the
temperature changes and differentiate between them. This can be
seen in the results of our study (see section 5 results on
configuration tests and subjective feedback).

4.3

Environment and Population

The study was conducted in a quiet, air conditioned laboratory
environment. The population consisted of 27 3rd and 4th year
undergraduate architecture students 20 to 30 years.
The
participants had none or very little knowledge AR. Most had
moderate knowledge of Passive Solar Energy strategies in
architectural design, which is why we randomized the temperature
values and told participants not to rely on their previous
knowledge. Participants had none or very little knowledge of
Brownian motion.

4.4

Procedure

The study took place in one session of 45 minutes broken into 5
phases:
1.
2.

Pre-interview - established participants' prior knowledge of
PSE through a self-rated Likert scale. Demographic
information (e.g., age) was also collected.
Interface training - trained participants on how to interact
with the user interface and demonstrated all the functionality
of the simulation. The visualization was not displayed during
this training.

Phases 3 and 4 were each performed twice, once for each
condition:

4.

5.

4.5

Directed Interaction: PARTICLES/VIRTUAL HUMANS
conditions - Participants were given verbal instructions to
complete a series of simple one step tasks using the touch
screen and tangible interfaces. They were told to consider
that the initial temperature inside the house was 85°F. A
single instruction was given and then participants performed
the task. After each instruction that modified the
configuration of the house, they had to estimate the new
temperature value according to the visualization changes
they saw inside the house. There were 9 instructions in all.
The instructions were the same in both conditions.
Optimization phase PARTICLES/VIRTUAL HUMANS
condition - During this phase, participants used the same
interface from phase three with the particles visualization and
were given the task of initially finding the optimal house
configuration that makes the temperature inside the house the
lowest possible. After that, they had to configure the worst
case scenario in which the temperature would reach its
highest. Again, they had to find both configurations by
checking the visualization inside the house with no other
information that could help to complete the task.
Post-interview - For the interview, the participants were
asked to give their opinions on the software. This included a
comparison between the two visualization options by using a
self-rated Likert scale and explanation to describe the
differences.

Metrics

We employed numerous metrics to assess temperature estimation,
time and errors, passive solar energy knowledge, and motivation.

4.5.1 Temperature Estimation
Directed Interaction Temperature Estimation Error (DITEE) –
During the two directed instruction tests in phases three and four,
after each instruction i was given, the user estimated the
temperature Ev(i). At this point, there was a correct temperature
value Cv(i) which was directly related to the visualization
displayed in the phone’s screen (particles movement speed or
virtual human behavior). The correct temperature value was not
shown on the screen. The user knew that the first temperature for
the initial house configuration was 85°F. The estimated value
Ev(i) was compared with the previous estimation Ev(i - 1). The
difference between these two estimations is called estimated
temperature variation ETV(i).

ETV (i)  Ev(i)  EV (i  1)

(1)

For each estimated value, there exists a correct temperature value
related to the visualization. Then, the correct temperature
variation CTV(i) is the difference between the current correct
temperature Cv(i) and the previous correct temperature Cv(i-1).

CTV (i)  Cv(i)  Cv(i  1)

(2)

After user completes each instruction i, there exist two values: the
estimated temperature variation ETV(i) and the correct
temperature variation ETV(i). The Estimation error per
instruction EE(i) is the difference of these two last numbers.

EE (i)  ETV (i)  CTV (i)

(3)

Since the user made nine estimations corresponding to each
instruction completed, there are nine Estimation errors. Finally,
the Directed Interaction Temperature Estimation Error (DITEE)
was the average of the nine Estimation errors.


DITEE 

9
i 1

EE (i)

9

(4)

The idea of calculating the error considering the previous
estimation is based on the fact that each estimation would be
influenced by the previous estimation. Therefore, we used the
relative change in temperature (ETV - CTV) to calculate the error
instead of the raw temperature difference (Ev - Cv).
Virtual Human and Particles Effectiveness for Temperature
Estimation - Additionally, they were also asked to rate the level of
effectiveness of both visualization conditions to estimate the
temperature in the house. We used a Likert scale of 1 to 5, 1 being
minimally effective, and 5 being very effective.

4.5.2 Time
Directed Interaction Time - participants were given a series of
short instructions (e.g., change the roof to a wide configuration).
The total amount of time that it took participants to complete the
task was logged.
Time for Best Configuration Test and Worst Configuration Test The amount of time to find the best and worst configurations were
recorded. In total, four times were logged: two for particles
visualization and two for the virtual human visualization.

Table 1. Directed Instruction Temperature Estimation Error
(Mean Fahrenheit degrees)
Condition
PARTICLES
VIRTUAL
HUMAN

Mean
5.06

Std. Dev.
2.61

Std. Error
0.52

3.52

1.46

0.29

5-Likert Temperature Estimation Effectiveness: There was no
significant difference between the ‘Effectiveness of the virtual
human condition in helping to estimate the temperature inside the
house (mean 3.96) and ‘Effectiveness of the particles condition in
helping to estimate the temperature inside the house (mean 3.65).
A Wilcoxon Signed-rank test shows that there is no a significant
effect of Condition (Z = 0.995, p=0.32, r = 0.137) (Table 2).
Thus, H2 is rejected.
Table 2. Virtual Human and Particles Effectiveness
(Mean Likert scale 1-5)
Condition
PARTICLES

Mean
3.65

Std. Dev.
1.05

VIRTUAL HUMAN

3.96

1.03

5.2

Time
Table 3. Directed Instruction Time (Seconds)

4.5.3 Configuration Test Errors
Best Configuration Test and Worst Configuration Test Errors the correct configurations were determined before-hand. Each
one of the configuration options that the participants failed to
select correctly counted as an error. Turing each test, errors were
logged.

4.5.4 Knowledge
Self-rated Knowledge of Passive Solar Energy - On the first day,
participants were asked to rate their level of knowledge of PSE.
Then, on the second day, after the optimization phase, participants
were once more asked to rate their level of knowledge of PSE.
The goal was to see how each interface impacted participants'
perceptions of their knowledge on PSE. We used a Likert scale of
1 to 5, I being minimal knowledge, 5 being very knowledgeable.

4.5.5 Motivation
Virtual Human and Particles Impact on Motivation - participants
were asked two questions (i.e., one for PARTICLES and one for
VIRTUAL HUMANS) to rate their level of motivation to
continue learning about how the house design impacted the
temperature in the house with the virtual human and particle
visualizations. We used a Likert scale of 1 to 5, 1 being minimal
motivation, 5 being high motivation.

5.

RESULTS AND DISCUSSION

Note: Even though Celsius is the scientifically accepted
temperature unit, we use Fahrenheit here because it is the unit that
the participants used.

5.1

Temperature Estimation

The descriptive statistics of the Directed Instruction Temperature
Estimation Error for both PARTICLES and VIRTUAL HUMAN
visualizations are shown in Table 1. Using a paired t test, we
found a significant difference between the conditions (t(24) =
3.112, p<.05). The means suggest that participants were more
accurate at estimating temperature with virtual humans. Thus, H1
is rejected.

Condition
PARTICLES
VIRTUAL
HUMAN

Mean
254.68

Std. Dev.
55.33

Std. Error
10.64

227.76

55.81

10.74

Table 3 shows the mean times to complete the .Directed
Instruction in both conditions. Note: the time it took for the
experimenter to give directions was removed from these results.
Using a paired t test, we found a significant difference between
PARTICLES and VIRTUAL HUMAN (t(26) = 2.172, p<.05)
with Directed Instruction Time. The means suggest that users
spent less time with virtual humans.
Table 4. Best Configuration Test Time (Seconds)
Condition
PARTICLES
VIRTUAL
HUMAN

Mean
114.83

Std. Dev.
48.25

Std. Error
9.28

114.57

58.90

11.33

Table 4. Worst Configuration Test Time (Seconds)
Condition
PARTICLES
VIRTUAL
HUMAN

Mean
62.68

Std. Dev.
39.14

Std. Error
7.53

67.48

59.09

11.37

Tables 4 and 5 give the mean times for the two conditions when
the optimization test was done. The table includes the mean times
for finding the best configuration and the worst configuration. We
found no significant differences in Configuration Times in both
best and worst configurations between PARTICLES and
VIRTUAL HUMAN (t(26) = 0.021, p=.98 and t(26) = -.427,
p=0.67).). Thus, H3 is rejected.

5.3

Configuration Test Error

The means of the Best and Worst Configuration Errors are given
in Tables 5 and 6. We found no significant differences in either
best or worst configurations between PARTICLES and VIRTUAL
HUMAN (t(25) = -.068, p=.94 and t(25) = 0.428, p=0.67). Thus,
H4 cannot be rejected. In general, errors were very low in both
conditions. From this we can conclude that both methods were

effective

in

visualizing

relative

temperature

change.

Table 5.Best Configuration Test Error (Fahrenheit degrees)
Condition
PARTICLES
VIRTUAL
HUMAN

Mean
1.76

Std. Dev.
3.79

Std. Error
0.74

1.84

3.98

0.78

Table 6.Worst Configuration Test Error (Fahrenheit degrees)
Condition
PARTICLES
VIRTUAL
HUMAN

5.4

Mean
1.42

Std. Dev.
3.54

Std. Error
0.69

1.07

2.59

0.50

Motivation

There was a significant difference between the ‘Motivation to
learn about the effect of the house design on temperature when
using the virtual humans (mean 4.5) and ‘Motivation to learn
about the effect of the house design on temperature when using
the particles visualization’ (mean 3.8). (Table 7) Thus, H5 cannot
be rejected.
Table 7.Virtual Human and Particles Impact on Motivation
(Mean Rank Likert scale 1-5)
Condition
PARTICLES

3.8

Mean

Std. Dev.
1.09

VIRTUAL HUMAN

4.3

0.7

A Wilcoxon Signed-rank test shows that there is a significant
effect of Condition (Z = -2.65, p < 0.05, r = 0.36). This result was
supported by the post-study interview in which most of the
participants expressed preference by the human visualization
because it is considered more realistic than particles. In addition,
during the interaction the users showed sympathy with the
reactions of the virtual humans by smiling, laughing or showing
expressions of having fun.

5.5

Learning Effectiveness

house based on their personal previous experiences or feelings.
That is the changes were easier to identify because the animations
were more familiar, memorable, and expressive, which made them
more consistently identifiable for temperature estimation..
5-Likert Temperature Estimation Effectiveness: Although,
participants did not measurably perceive this consistency, since
neither of the two visualizations were considered to be
significantly more effective for temperature visualization. That is,
it is unclear if people prefer PARTICLES or VIRTUAL
HUMANS for estimation. There was no clear agreement on this
even though the VHs provided more consistency (i.e., lower error)
for temperature estimation.
Although, comments like "I like to see the human, but particles
are more distinctive", or "People's reaction are more interesting
but since particles occupied more space, I could estimate the
temperature easier" were provided for people that thought
particles were more effective. Contrarily, students who supported
the effectiveness of Virtual Human gave comments like
"Comparing attitudes makes it easier to compare temperatures",
"Humans are easy to read" and "It is clear how their feelings
were".
Directed Instruction Time: Participants took less time to
complete the directed instruction in the VH condition. When the
users changed something in the particles condition, it either took
them more time to perceive the particle speed changes. Also they
had to move closer to the scenario in order to see the differences
in the speed of the particle movement (i.e. based on our anecdotal
video observations).
Configuration test times: Contrary to directed instruction time,
there were no significant differences in the configuration test
times. That is, participants must have become familiar with the
particle speed changes. This could indicate that the particles
present a higher learning curve for perception. In contrast, this
highlights one advantage of the virtual humans in that, users very
quickly understood what the virtual humans were trying to convey
in their animations due to their familiarity with human reactions
to heat.

Participants perceived that they learned something about passive
solar energy, even though we told them truthfully that the house
design interactions and their effect on temperature. The means of
Self rated knowledge of passive solar energy before and after were
2.88 and 3.30, respectively (Table 9). A Wilcoxon Signed-rank
test shows that there is a significant effect of Condition (Z = 3.051, p < 0.05, r = 0.42). This suggests that the simulation we
developed increased the user’s self-perception of their level of
PSE knowledge.

Configuration Test Error: Similarly, there were no significant
differences in configuration test errors (i.e., not the same as
temperature estimation error). Although we cannot say that this
result is the same in both conditions, we think it is likely that they
are very close considering the p-values were quite high (e.g., p =
.94 and p = .67) and the averages were very similar. That is,
performance wise, VHs and particles yielded similar, low error
results. Qualitatively, both visualizations typically enabled users
to successfully complete the task.

Table 9.Self-rated Knowledge of PSE (Mean Likert scale 1-5)

Motivation: As expected, the virtual human visualization had a
significant impact on users in their motivation to learn more about
PSE. The quantitative data was backed by the qualitative postinterview in which many participants expressed their preference
for this condition. The participants expressed ideas like: "People
are easier to understand because I know what the people feel
cause we feel in the same way" (i.e., VHs can elicit empathy) and
"It is funny to see the reactions of people".

Condition
PARTICLES

Mean
2.88

Std. Dev.
0.71

VIRTUAL HUMAN

3.3

0.61

5.6

Discussion

Temperature Estimation Error: Even though the VHs seemed to
elicit more emotional responses (i.e., we observed this anecdotally
in the videos), surprisingly, results showed that users’ estimations
of the temperature were significantly more accurate in the
VIRTUAL HUMANS condition. We expect that the participants
could relate to human reactions to the temperatures inside the

Learning: Most participants had previous knowledge about
architectural elements in PSE, but the results still showed a
positive impact on their learning. Even though participants were
informed that the temperature changes were random, they became
more aware of house design issues that impact on PSE.

Other observations: In addition, some of them expressed
preference for a touchscreen interface instead of a combination of
tangible and touchscreen interfaces. Therefore, an interesting
study would be to test the application and their different types of
visualization with people who have minimal knowledge about
PSE to test their attraction for the tangible interface and its impact
in combination with the visualizations.

6.

CONCLUSION

The presented VH-based visualization is a novel idea - researchers
have not previously used VHs for data visualization. Thus, this
paper represents the first steps into this area. Our study
unexpectedly revealed advantages for VH-based visualization. We
were surprised that the VH-based visualization both increased
motivation (i.e., as expected) and enabled significantly lower
temperature estimation error than the particle visualization (i.e.,
the opposite of what we expected, based on the bias brought on by
empathetic characters[6]). That is, although participants did seem
to experience empathy with the VH visualization, as compared to
the particles, which did not seem to elicit empathy, VH-based
visualization maintained relatively low error in perception.
Lessons learned: 1) Errors in Perception: as compared to the
particles-based visualization VH-based visualization maintained
relatively low error in perception. 2) Learning time: Even though
VH animations take longer to play than the particle movement,
the user’s familiarity with human action may enable a shorter
learning time than particles, when learning how to interpret the
VH-based visualization. 3) Perceived Effectiveness: Users may
not consistently perceive performance advantages (i.e., lower
error, more consistent estimation, faster learning time) of VH. 4)
Motivation: In general, VH-based visualizations can increase
motivation for learning in tangible AR environments.

7. FUTURE WORK
In the future we plan to determine the scalability of VH-based
visualization with multi-dimensional data sets and to discover the
resulting perceptual thresholds for animations. Ultimately, we aim
to provide guidelines for the use of VHs in data visualization.
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ABSTRACT
We describe and evaluate a novel application of mobile phone
AR: passive solar energy education (AR-SEE). The goal of ARSEE is to enable students to learn about the science behind
architectural design – how passive solar energy affects internal
temperature and energy usage efficiency. For the limited
performance capabilities of mobile phone AR, this application
addresses
the
challenge
of
combining
simulations
(computationally intense simulation and real time simulation),
interaction modalities (2D GUI touch screen and 3D tangible
interfaces) and visualizations.
We conducted two pilot studies and with 9 local teachers and
13 high school students resulting in three development iterations,
and a between-subjects user study with 36 college students that
assessed usability and learning outcomes. Results of our studies
give insight into user perceptions, usability, and impact on
learning with mobile phone AR for educational simulation.

energy education (AR-SEE) (figure 1). The educational goal is to
teach students about the relationship between architectural design
(e.g., choices in house material, window size and placement,
house orientation to the sun) and the underlying science (e.g.,
passive solar energy, energy transfer and conversion). From a
practical perspective, these design choices affect energy efficiency
and temperature in the home. These concepts are usually taught
though lectures, textbooks, or hands-on experimentation, but the
relationship between these concepts is not effectively visualized.

KEYWORDS: Augmented Reality, Visualization, Tangible User
Interfaces, Simulation, Usability, Education.
INDEX TERMS: H.5.1 [Information Interfaces and Presentation]:
Multimedia Information Systems—Artificial, augmented and
virtual realities;
1

INTRODUCTION

Conceptually, AR is an attractive modality to use for education,
since AR can provide unique perceptual (e.g., overlaid
visualization) and interactive (e.g., tangible interfaces) benefits,
which in some cases have had a positive impact on learning [1, 2].
The most widely available way to provide these benefits to
students is through mobile phone AR, since currently many
students already have AR capable phones. However, there are a
number of technical and usability issues that may impact learning
effectiveness. For example, phone size and computing power may
be considered two of the major technical limiting factors on
mobile phone-based AR. These limitations may be especially
significant for AR applications with more complex visualization
needs. Consider an educational AR visualization of passive solar
energy (figure 1). Passive solar energy deals with using the
energy from the sun without using any collectors, grids, or cells,
such as solar panels. Hence, the purpose of this interactive
visualization is to educate students about energy efficient
architectural design and the science behind it (i.e., Brownian
motion). The physical screen size, computational power, and
interaction techniques of the phone could significantly impact
usability and learning effectiveness, which are the primary topics
this research aims to investigate.
Specifically, we investigate these issues in a novel test-bed
application: a mobile phone-based AR module for passive solar
LEAVE 0.5 INCH SPACE AT BOTTOM OF LEFT
COLUMN ON FIRST PAGE FOR COPYRIGHT BLOCK

Figure 1. AR-SEE: mobile phone AR for passive solar energy
education

To address this, AR-SEE integrates 1) visualizations of a solar
simulation and a Brownian motion simulation 2) a combination of
2D GUI and tangible AR interfaces, and 3) a computationally
complex architectural design simulation. AR-SEE enables users to
modify passive attributes of a virtual model house (e.g., materials,
window size, tree placement and many other variables). Changing
these attributes affects the amount of solar energy stored within
the house and the temperature. AR-SEE shows an interactive

visualization of this process in situ with the virtual model house
(figure 1). Ultimately, we aim to use AR-SEE to enable novel
interaction and visualization approaches to passive solar energy
education. To achieve this goal, the usability of the AR-SEE must
be studied and refined.
We have conducted 1) two pilot usability studies with nine local
teachers and 13 local high school students and 2) a user study with
36 college students to investigate how the usability of AR impacts
learning. These studies have 1) enabled us to improve the design
and usability of the system in three development iterations, 2)
given us insight into the effects of mobile phone AR in learning.
1.1
Current Passive Solar Energy Education
In traditional settings, students may read a book to learn about the
science behind passive solar energy. Although this is a widely
used approach, it lacks in terms of motivation and direct learner
engagement [3]. A newer, more hands-on approach is to have the
students construct a simple cardboard model of a house and
perform various experiments with it. This involves using heat
lamps to represent the sun, adding windows, changing house
orientation, and tracking internal temperature changes of the
model house [4]. While this is a more engaging approach to
teaching practical passive solar energy concepts, it is still difficult
for students to understand the underlying science processes, such
as energy transfer and conversion, since these processes are
invisible. We expect that the combination of tangible AR,
visualization, and the model house will maintain the benefits of
hands on learning, and potentially enhance student understanding
of the underlying science of passive solar energy.
2

interacted with a personal interaction panel – a menu driven 6dof
tracked handheld panel that also had 3D interaction [10].
Shelton et al created an animated AR based simulation to
demonstrate how the earth orbits the sun and how it rotates on an
axis. They performed a study with 34 geography students. The
results showed that AR was generally acceptable by students but
there were some perceptual issues from the 3D perspective and
the single marker.[11]
Nischelwitzer et al developed an AR enhanced book that taught
children about the layout and basic purpose of the human
alimentary system with 3D interactive animated graphics. They
found significant learning benefits over a standard textbook.[12]
O‘Malley reviewed many educational technologies that
involved tangible UI, and highlighted educational benefits of
tangible interfaces to hands-on learning approaches [13].
2.3
AR in Architecture
There is a rich history between augmented reality and
architectural design. AR has merged virtual designs with real
construction sites, and has enabled new types of interactions that
enhance the design process. As one of the earliest examples,
Webster et al developed an early prototype of and AR system for
architectural construction, inspection, and renovation. It used an
optical see through display to afford users x-ray vision of the
internal structures of buildings [14]. Behzadan et al developed a
hardware and software framework for visualization of
construction processes (e.g., machinery placement) for
construction sites [15]. Wang et al have compiled an extensive
review of using mixed reality in architectural design and
construction [16].

PREVIOUS WORK

There has been a significant amount of previous research that is
relevant to the research presented in this paper. Specifically, this
section focuses on 1) AR on handhelds and mobile phones, 2) AR
in education, 3) AR in architecture 4) AR in visualization.
2.1
AR on Handhelds and Mobile Phones
Rohs overviews three handheld AR games and discusses the
approach to interaction, which in some cases has both button
pressing and 3D interaction (e.g., rotating the phone to aim a kick
for a soccer game)[5].
Schamlstieg and Wagner note that the magic lens metaphor
afforded by the phone has some specific limitations, due to
limited field of view and tracking constraints. They suggest that
application designers should design to limit movements during the
AR experience.[6]
Henrysson investigated several techniques for mobile phones to
manipulate virtual objects. For example, users moved a single
virtual object by moving the phone, hitting buttons, or moving a
tracked marker. They found that tangible interfaces had some
advantages for certain operations and button pressing had some
advantages in others [7].
2.2
AR in Education
In chemistry education, AR was evaluated for building molecular
bonds. Different people perceive different benefits of tangible AR
versus viewing physical models (i.e., with balls and sticks to
represent the molecules and bonds. Different people perceive
different benefits of tangible AR versus viewing physical models
(i.e., with balls and sticks to represent the molecules and bonds
[8]. In general, tangible AR was not found to be very usable,
largely due to errors caused by the tracking system[9].
In geometry education, Kaufmann developed a 3D immersive
see through AR application using head mounted displays. Users

2.4
AR in Visualization
Visualization is an important topic in AR. The visual modality has
traditionally been the primary focus in AR research. However,
Zhou et al. reviewed past ISMAR publications on visualization
and found this topic to be relatively under studied in terms of
papers published [17]. We have found this to be true of other
publication venues in our literature searches, which demonstrate
the need for more research into AR visualization.
Most AR visualization related research has focused on novel
interaction techniques, toolsets, or visualization techniques,
including: magic lenses [18], scientific visualization collocated
with the corresponding physical area where the data was
collected. [19], x-ray vision of buildings and overlaid data
visualization [20], AR-based information visualization [21], and
visualizing GIS data in situ [22, 23].
There are a few AR visualization papers that present guidelines
based on empirical study. Furmanski derived a series of guidelines
for visualizing occluded information in AR and found that
cutaway techniques can impact the depth perception of the users,
in that they perceive virtual objects in the cutaway to be closer
than objects in the real world [24].
White and Feiner investigated visualization approaches with
handheld AR on a UMPC for visualizing carbon monoxide data in
the context of the real world where the data was originally
collected. Through user studies, they investigated various methods
of representing the data and found that different representations
(e.g. spheres versus smoke) elicited different user reactions [25].
Quarles et al. developed and evaluated the augmented
anesthesia machine, which visualized a simulation of gas flow and
internal components to enhance education and training. They
found that combining this visualization with real-machine
interaction enabled users to learn more effectively[1].

2.5
Our Contributions
The review of previous work highlights several gaps in
knowledge that the present research is attempting to address.
Specifically, our main contributions are:
 A novel mobile AR application for passive solar energy
education (see section 3).
 An approach to enable interactive simulations with a
combination of computationally intensive simulations and
real time simulations on mobile phone AR (See section 3.6).
We have found minimal prior work in AR to inform our
approach.
 Insight into the impact of interface usability on learning
though an empirical comparison between desktop PC, touch
screen interaction on mobile phone AR, or a mix of tangible
and touch screen interactions on mobile phone AR (see
sections 4 and 5).
3

AR-SEE PROTOTYPE

Here we describe the development of the AR-SEE prototype. The
purpose of AR-SEE is to teach the following concepts: 1) the
scientific concepts behind passive solar energy and 2) practical
concepts of architectural designs that utilize passive solar energy.
These educational goals largely drove development and design
decisions of the AR-SEE prototype. This section explains the
technical challenges that we faced in two iterations of
development of AR-SEE and describes our resulting approach to
visualization, interaction, and simulation.
3.1
Example Use Case
To demonstrate a typical user experience with AR-SEE this
section describes one use case scenario where the user has a
specific task to perform. The user is tasked with finding the
optimal temperature of a house using only passive (i.e., not using
an air conditioner) changes to the house (e.g., changing tree
placement, window material, roof size and/or material). The task
takes place in the summer in a hot and dry climate.
The user looks through the phone at the markers and sees an
overlaid house. Inside, there is a visualization of thermal energy
(i.e., energy transfer and conversion on the atomic level) that
changes based on the simulated internal temperature of the house.
As the temperature condition inside the building increases, atoms,
represented as particles, move faster and appear brighter. Energy
savings and total cost per month is also displayed.
Then the user increases the size of the roof, which causes the
internal house temperature to decrease. This is accomplished by
physically swapping the roof marker that rests on top of the house
with a secondary roof marker.
Concurrently, the atoms
representing the air volume in the house slow down and become
less bright. To further cool down the house, the user interacts with
buttons on the phone‘s touch screen to change house material and
roof material. The user can also modify the size of the window;
like the roof, this too is accomplished by physically swapping a
marker. In this case, the marker is attached to a Lego block
designed to look like a window. By swapping the marker/block
combination, the window changes appearance. Then the user may
change the time of day (i.e. to affect the position of the sun) and
visualize the effect of the current configuration on the house‘s
temperature. There are many other variables that the user could
change to affect the internal temperature, but this subsection
describes only one example.
3.2
Implementation Approach Overview
To enable use cases similar to the one in section 3.1, simulations,
interaction techniques, and visualization components must be
combined. First, prior to runtime, a series of computationally

intensive (not real-time) architectural simulations are performed.
Each simulation outputs the expected temperature for a given
house configuration(e.g., building material, orientation relative to
the sun, window placement) at discrete time intervals (i.e., 6 am, 9
am, 12 am, 3 pm and 6pm ). The resulting data is stored on the
phone and accessed during runtime to enable 1) interactive
visualizations of heat energy and light 2)real-time simulation of
energy transfer and conversion, and 3) interactive changes to
housing parameters (materials, window size, etc) using a
combination of 2D touch interaction and 3D tangible interaction.
3.3
System Description and Performance
AR-SEE consists of the following hardware and software
components: 1) Phone: HTC Desire HD (4.3 inch screen, 1Ghz
Processor, 768MB RAM, using 1024x768 camera resolution) with
Android 2.1, 2) AR: Qualcomm QCAR SDK 1.0 + Unity 3.3.The
prototype runs at approximately 20 frames per second (fps).
Performance issues are discussed in the following sections.
3.4
Computationally Intense Architectural Simulation
Architects have specialized simulation tools to aid in design
decisions. Our co-author, who is an architecture expert, utilized
the building performance software package IES VE-Pro [26]. IESVE Pro is a powerful, flexible and in depth suite of building
performance analysis tools. This tool provides realistic
simulations that cannot be computed in real time on a PC, let
alone on a cell phone. Thus, our approach was to run a series of
simulations at discrete points in time for a standard base-line
house in a hot and dry climate during the summer in southern
United States.
The base-line house model used in this study represents a
prototype of a single-family house. To simplify the simulation
process, the house was simulated as one space with a square plan
with one window (20% of the façade area) on the south-facing
facade. Performance metrics simulated were average space
temperature and comfort index. Although the prototype only uses
the summer solstice simulation in the initial evaluation, we
simulated the winter solstice and both the vernal and autumnal
equinoxes. These are peak temperature times in the year, which
would likely be most effective to demonstrate the differences.
A parametric analysis was conducted, which included changing
the values of selected building characteristics to evaluate the
impact on the performance metrics mentioned above. Building
characteristics modified include: glazing size and orientation,
existence and size of shading devices, glazing type, wall/room
thermal resistance (R-values), and wall roof exterior finish
materials. In all, 45 scenarios were simulated.
3.5
Real-time Simulation and Visualization
This section describes the visualization of the real time
component of the light and heat energy simulations. The purpose
of this section is to provide insight into integrating these types of
simulations with mobile phone AR.
3.5.1
Energy Transfer and Conversion
The energy visualization inside the house (figure 2)
approximates Brownian motion, which describes the physical
motion of thermal energy particles (i.e., molecules) in the air
according to the temperature in the environment, and as impacted
by processes of energy transfer and conversion. That is, at lower
temperatures in a given volume, each atom in the air moves more
slowly. At higher temperatures the atoms move faster.
We approximated Brownian motion as a particle system within
a volume (e.g., a cube) in which the particles all move at a

constant speed and collide with all other particles. For more than
50 particles, the fps noticeably decreases (Table 1).

Figure 2. The Energy Transfer and Conversion Visualization (from Unity 3.3 on PC for clarity) Users can choose to make
the house transparent to make it easier to see the particles
Table 1. Performance with particle collisions
Number of particles
0
25
50
72
144

FPS
22-28
20-25
18-23
15-20
7-12

a directional light to visualize light and shading at each of the
discrete times in the day. For the prototype, the sun‘s arc through
the sky on the summer solstice is interactively (i.e., user
controlled) visualized at discrete times of day: 6 am, 9 am, 12 am,
3 pm and 6pm. Based on this discrete times approach using the
pre-computed architectural simulation output, the solar
visualization has minimal impact on fps.
3.5.3
GUI Touch Screen Interface
Our approach to the GUI (seen in figure 1) was 1) to maximize
screen real estate to keep the user‘s focus on the visualizations. To
maximize screen real estate, the interface is usually hidden, except
for buttons on the sides of the screen. When a user touches a
button, additional buttons appear alongside it. These buttons allow
the user to make changes to the configuration of the house. This
interface approach utilizes most of the screen for the visualization,
rather than the interface.
Towards intuitiveness, the 2D GUI enabled primarily 2D tasks,
which may have been less intuitive to implement with a 3D
tangible interface or would seem to have little additional benefit
as a 3D task. An example of a 2D task was picking the material of
the house, such as vinyl siding or brick. The one exception to this
rule was a button that changed the relative orientation of the house
relative to the sun (see section 4).
3.5.4

Tangible AR Markers Interface

To enable a higher number of particles, we implemented a
version that does not use collisions. We noticed that due to the
size of the screen, the phone would have to be extremely close to
the visualization for the user to observe any collision behavior.
Instead of collisions driving the direction of movement, we
implemented semi-random displacement of the particles. The fps
does not decrease at all until we have more than 200 particles.
However, if there are too many particles, the scene appears
visually cluttered. In the study, we used this version of the
simulation without collisions and with 72 particles.
3.5.2

Solar Visualization
Figure 4. AR-SEE Tangible interfaces.

Figure 3. Solar Visualization (from Unity 3.3 on PC for clarity)

The purpose of the solar visualization (figure 3) is to
demonstrate how the position of the sun in the sky impacts the
temperature of the house. The energy and light that comes from
the sun here is visualized as animated energy emanating in the
direction of the house. The direction of these rays is determined
by the vector from the sun to the house. This vector is also used in

In the final prototype, there are several tangible objects being
tracked (figure 4): 1) two types of windows, 2) three types of
roofs and 3) all the other objects (e.g., house, sun, etc.). Both the
roof and window are represented by two markers each - standard
and wide markers for the roof and large single and small double
for the window. These markers act like toggle buttons. Once a
marker is found by the camera, it disables the previous roof or
window that was selected and replaces it with the roof or window
associated with the current marker in view. All other objects are
attached the large image marker (i.e., the large green image
marker in figure 4). This is the only marker used for 6dof
registration in that all virtual models in the scene are attached to
the marker. (i.e., their positions and orientations are computed
relative to the large image marker).
3.6

Discussion: Integrating a Computationally
Intensive Architectural Simulation into Mobile AR
In the early stages of planning the implementation and design of
AR-SEE, we were faced with an important question: ―How can a
non-real-time, computationally demanding simulation be realized
on a computationally limited mobile phone for AR?‖ Since our

literature search did not yield any sources that addressed this
question, we derived a series of potential solutions ourselves.
This section discusses our simulation integration decisions,
potential alternatives, and the impact on the AR-SEE UI and
visualizations. We hope that this discussion will help to inform
other AR application developers or researchers about approaches
to integrate computationally intense simulations with mobile AR.
3.6.1
Architectural Simulation Integration
We considered three different approaches: 1) Developing
algorithms to approximate a continuous simulation on the phone
in real time, 2) using distributed computing resources to perform
the simulation remotely in real-time, but with network lag, and 3)
pre-computing the simulation offline and using the resulting data
at discrete points in a 24 hour span and with specific spatial
layouts for the house, which is the approach that was taken. We
took the 3rd approach because 1) it had minimal dependence on
outside computing resources, which our end users (i.e. students)
would not have access to 2) it worked within the minimal
computational resources on the phone, which we knew would
already be limited by AR already and 3) using the pre-computed
values, the interactive AR application would have accurate data,
which was desired for effective education. However, this choice
did have an impact on the design of the user interface and
visualization.
3.6.2
Impact on the AR-SEE UI and visualization
In AR-SEE, because the pre-computed simulation data are
available only at discrete times of the simulated day and for
specific layouts (i.e., you can only position the window in certain
places), the interface and visualizations are also interactively
limited: 1) GUI: using buttons rather than a slider on the 2D
interface to enable interactive time change and 2) TUI: the
implementation of the AR markers as toggle buttons. The 3D
information of the window and roof markers was discarded
because the simulation only had temperature information at
specific points. In future work, it would be interesting to combine
approaches, compare the use of discrete versus continuous
simulations, investigate the effect these choices would have on the
UI design, and the implications for education and learning.
4

PILOT STUDIES AND ITERATIONS

Two pilot studies with nine teachers and thirteen high school
students were conducted to evaluate the usability and acceptability
of AR-SEE. After each study, we refined and improved the ARSEE prototype based on user feedback, resulting in two
development iterations. The design, improvements made, and
study results are presented here.
4.1
The First Pilot Study: Teachers
Nine local teachers participated with ages varying from 25 to 62
and teaching experience ranging from <1 year (student teaching as
part of undergraduate degree) to 25 years. Participants progressed
through the study one at a time. First experimenters gave a brief
demonstration of the basic interface features. Next participants
interacted with AR-SEE for approximately 10-30 minutes, during
which they were often prompted to ―think out loud‖. Then they
were interviewed and asked 15 specific questions about their
experience with AR-SEE for 10-30 minutes. Participants were
videotaped during the study.

4.1.1
The First Iteration
When this study was conducted, AR-SEE had two markers: one
for a movable tree and another multi-target marker box for the
house and the rest of the objects.
Participant Feedback: The overall opinion of the application
was positive. While an early prototype, most of the testers did not
find it difficult to navigate and use. Reactions varied from ―I think
it‘s pretty good‖ to ―This is awesome.‖ We found that participants
had no issue using the interface once all the features have been
explained—most of the testers believed they could easily use the
software again on their own.
There were issues and complaints which drove our future
development: The time controls in the GUI was difficult to
understand (i.e., what time is it and what impact is it having on the
scene); it was recommended that icons be added to the GUI in
addition to the text, to give participants better feedback relating
material names and images. Moreover, we found that the multi
target box shaped markers did not track as well as the planar
markers, likely due to human error in the creation of the markers.
We found that due to the chosen viewing angles of users, planar
markers provided better tracking results. Participants found the
tree marker was even more error prone. Users were confused
about being able to rotate the house with relative to the sun using
a button, since they could also rotate the entire scene by
manipulating the physical markers. Lastly, participants seemed
interested in the technology, but some had trouble seeing the
educational benefits of the one marker system. They were more
receptive to the notion of the physical house interface.
4.2
Second Pilot Study: High school Students
Thirteen local high school students participated in the pilot study.
Five of the students interacted with the AR-SEE multi marker
version (see section 3) and 8 interacted with a single marker
version. Besides this, the procedure was the same as the first pilot.
4.2.1
The Second Iteration
Summary of Changes Made: Many improvements were made
from the previous pilot study: the GUI was made more intuitive
and easier to understand by adding text to icons; the GUI layout
was changed to make time control more intuitive and the house
rotation option was removed. The main target marker was
changed to a planar marker for better tracking. Also, we added
additional tangible markers with a Lego house (see section 3).
Participant Feedback: The overall opinion of the application
was positive. Many participants suggested having better graphics.
Participants felt that the GUI option for seeing the internal
features of the house was still ambiguous—some participants
believed the components that were hidden were actually removed
and saw different results than expected. For the third iteration,
this prompted us to create a translucent ‗x-ray‘ toggle for the
house, as shown in section 3.
4.3
Lessons Learned from Participant Feedback
After two iterations, there were several lessons learned based on
our observations and participant feedback in interviews.
The Effect of Phone Size on Visualization Understanding: One
of the questions we asked users was whether the size of the phone
would have an effect on the understanding of the simulation. To
our surprise, all the participants said ―no‖. Some participants
noted that a larger screen size might enable us to put in more
detail but that it may not be necessary. While at the same time,
several of the participants complained that the letters and numbers
were too small. We suspect that the interactive camera control
allowed them to get close enough to comprehend the visualization
and also allowed them to move far enough away to get a more

global picture of the scene. This is supported by observing the
participants interaction as well.
Combining 2D GUI and 3D Tangible Interfaces: Another of
our initial concerns was the intuitiveness of the interface when
using a combination of a 2D GUI and a 3D tangible interface. It
confused users that they could rotate the entire world with the
tangible interface but could only rotate the house relative to the
sun using the 2D GUI. A potential lesson we can glean from this
is that the interactions of the 2D GUI should be distinct from the
interactions of the 3D tangible interface. That is, the affordances
of tangible interfaces indicate that they should be mapped to 3D
spatial interactions. Whereas, the affordances of 2D GUI buttons
indicate that they should only affect non-spatial interactions, such
as changing the material on the house.
An anomaly for this idea is using the 2D GUI to change the
time of day, which also affects the sun‘s 3D spatial position.
Several users were confused by this. In retrospect, had we made a
tangible sun, users could have moved the sun to change the time.
We do not know the best way of doing this and more objective
studies are needed to understand this phenomenon. This suggests
that intuitive ways to combine 2D GUIs and 3D tangibles in the
same application should be considered in future research,
especially when considering time and space.
5

Figure 5. ONEMARKER condition

5.2.3

Desktop (DESKTOP)

USER STUDY: USABILITY AND LEARNING

The objective of this between-subjects study was to investigate
the usability AR-SEE and its impact on learning about Passive
Solar Energy (PSE). Three versions where compared: a Single
Marker version that uses only touch screen interactions; a Multi
Marker version (section 3) that uses a mix of tangible and touch
screen interactions; and a Desktop PC version that uses a mouse.
5.1
Hypotheses
These hypotheses were devised based on 1) our observations in
the pilot studies and 2) the literature in education on hands-on
learning. Because MULTIMARKER AR is integrates more
hands-on learning practices than other conditions, we expected it
to have significant learning and motivational benefits.
H1. Multi Marker AR will yield slower interaction times than
Single Marker and Desktop
H2. There will be fewer interface errors for Multi Marker AR
than Single Marker AR but more than Desktop
H3. Multi Marker AR will enable better memory for learning
than Single Marker and desktop interfaces.
H4. Multi marker AR will yield higher motivation than Single
Marker and Desktop
5.2
Conditions
There were three conditions compared in the between subjects
study: 1) Desktop, 2) Single marker AR, and 3) Multimarker AR.
Participant assignment to conditions was random. This section
details the major differences between the three conditions.
5.2.1
Multi Marker AR (MULTIMARKER)
This condition used the AR-SEE prototype, as described and
pictured in section 3. We used a HTC Desire HD smart phone
with a 4.3 inch screen.
5.2.2

Single Marker AR (ONEMARKER)

All interface interactions are handled using the touch screen. The
participants also have the option to look around the scene and
zoom into the scene by changing or the phones‘ physical location.
We used a HTC Desire HD smart phone with a 4.3 inch screen.

Figure 6. DESKTOP condition

Users interacted with the same GUI as SINGLEMARER using the
mouse (figures 2 and 6). Participants held the right mouse button
to rotate the virtual camera about the scene. The zoomed in and
out using the mouse wheel. They interacted with the button
interface using the left mouse button. Participants used a 22 inch
LCD monitor.
5.3
Population
The population consisted of 36 students, 10, 11 and 12 completed
the entire test per desktop, single marker and multi marker
conditions respectively. The population consisted of both graduate
and undergraduate computer science students from a user
interfaces course with ages ranging from 20 to 30 years. The
participants had none or very little knowledge of PSE or AR.
5.4
Procedure
The study took place over two 30 minute sessions, approximately
24 hours apart to test memory retention and learning.
Day 1:
1. Pre-interview - established participants‘ prior knowledge
of PSE through a self-rated Likert scale. Demographic
information (e.g., age) was also collected.
2. Interface training - This trained the participants on how
to interact with the user interface and demonstrated all the
functionality of the simulation.
3. Directed Interaction – This was the main usability testing
phase of day 1. Participants were given verbal
instructions to complete a series of simple 1 step tasks. A
single instruction was given and then participants
performed the task. There were 15 instructions in all. The
task instructions did not include interface instructions
(i.e., press a button to select the small windows). Rather,
the instructions were the same for all three conditions
simulation (i.e., change to the small windows).

Day 2:
1. Learning and Motivation questionnaires - participants
answered PSE related questions with the intention of
measuring memory retention, motivation for future
learning, and learning effectiveness.
2. Optimization task - participants were asked to find the
optimal configuration of the house. The simulation was
locked to 12pm. Participants had to determine which
configuration was most optimal for energy usage.
3. Post-interview - participants were asked to give their
opinions on the software. This included a repeated
measure of PSE knowledge with a self-rated 5-Likert
scale.
5.5
Metrics
We employed numerous metrics to assess, usability, learning
effectiveness, and motivation.
5.5.1
Usability
Directed Interaction Time - On the first day, the total amount of
time that it took participants to complete the tasks was logged.
Directed Interaction Errors – During the directed interaction
on the first day, if the participants made a mistake in following the
directions, this was counted as an error. During the directed
interaction, interactions with the interface were counted.
Optimal Configuration Time - During the optimization phase,
we recorded the amount of time to find the optimal configuration.
Optimal Configuration Errors – For the optimization phase, the
optimized configuration was determined before-hand—wide roof,
brick base material, asphalt roof material and double small
windows. Each one of these configurations options that the
participants failed to select counted as an error.
5.5.2
Learning Effectiveness
Self-rated Knowledge of PSE - Likert scale of 1 to 5, I being
minimal knowledge, 5 being very knowledgeable. This was asked
before the intervention on the day 1 and after the optimization test
on day 2.
Written questionnaire on PSE concepts – Graded on scale of 07, 7 being completely correct and 0 being completely incorrect.
This questionnaire was created by our co-author who is an expert
in science education and PSE. Given on the second day, this
questionnaire consisted of seven questions about concepts of PSE
(e.g., How does heat transfer from the sun interact with the
materials of and in the house?). Each question was worth a point.
The questionnaires were (blind) graded by the authors.
5.5.3
Motivation
We asked two 5-Likert scale questions (1 low motivation, 5
high motivation): that asked 1) rate your motivation to continue
learning about passive solar energy and 2) rate your motivation to
continue learning about passive solar energy using the application
you used yesterday.
5.6

Results

5.6.1

Usability
Table 2. Mean Time (Seconds)

Interface
DESKTOP
ONEMARKER
MULTIMARKER

Directed
Instruction
73.7
129.69
177.77

Optimal
Configuration Test
52.53
73.76
85.99

Time (table 2): For the Directed Interaction, with a one-way
ANOVA, we found a significant effect of interface on interaction
time (F(2,33) = 47.503, p<0.001, η2=0.746). Tukey's Honest
Significant Difference pairwise comparisons showed significant
differences between DESKTOP and ONEMARKER (p < 0.001),
between DESKTOP and MULTIMARKER (p < 0.001), and
between ONEMARKER and MULTIMARKER (p < 0.001).
For the Optimal Configuration test, with a one-way ANOVA,
we found a significant effect of interface on time (F(2,31) = 5.999,
p<0.006, η2=0.279). Tukey's Honest Significant Difference
pairwise comparisons showed significant differences between
DESKTOP and MULTIMARKER (p < 0.005). Thus, H1 cannot
be rejected.
Errors: One-way ANOVA showed no significant effects for
interface on Optimal Configuration test errors (F(2, 36) = 1.537,
p=0.270), and no significant effects for interface on Directed
Instruction errors (F(2,36) = 1.646, p = 0.207). Thus, H2 is
rejected.
5.6.2

Learning Effectiveness
Table 3. Self-Rated Knowledge of PSE mean ranks

Interface
DESKTOP
ONEMARKER
MULTIMARKER

Day 1
1.18
1.91
1.59

Day 2
3.00
3.45
3.18

Self-rating (table 3): Although a Kruskal-Wallis test (χ2(2)= .631,
p = .730) shows no significant effects of interface on the 5-Likert,
‗Self-rated Knowledge of PSE,‘ we did find significant effects
within all conditions between day 1 and day 2 on this metric.
Wilcoxon Signed-Rank tests show significant differences in
DESKTOP (Z = -2.414, p < .016). ONEMARKER (Z = -2.774, p
< .006), and MULTIMARKER (Z = -2.848, p < .004). This
suggests that the simulation we developed, which was the same in
all three conditions, increased the user‘s self-perception of their
level of PSE knowledge, regardless of interface.
Written questionnaire: A Kruskal-Wallis test showed no
significant effects for interface on ‗Written questionnaire on PSE
concepts‘ (χ2(2)= 2.379, p = .304). Thus, H3 is rejected.
5.6.3
Motivation
For 5-Likert ratings of ‗Motivation to Learn More about PSE,‘
DESKTOP, ONEMARKER, and MULTIMARKER, a KruskalWallis test showed no significant effects for interface on
motivation (χ2(2)= 2.673, p = .263). For 5-Likert ratings of
‗Motivation to Learn More about PSE using this application,‘
DESKTOP, ONEMARKER, and MULTIMARKER, a KruskalWallis test showed no significant effects for interface on
motivation (χ2(2)= .201, p = .905). Thus, H4 is rejected.
5.7
Discussion
Time: the AR interfaces increased task completion time. Based on
our observations of user behavior, MULTIMARKER yielded
slower times because 1) users physically moved real objects rather
than pushing buttons and 2) the marker-based toggle button
interface required user to hold the phone in front of the physical
markers until the recognition and tracking algorithms identified
the marker. In the MULTIMARKER system, users tended to treat
the physical environment separately from the visualization on the
phone. This may be a downside of using mobile phone AR instead
of a head mounted display approach.
Learning: MULTIMARKER did enable learning, but not
significantly more than DESKTOP or ONEMARKER. In general,
these results are surprising to us, since they are in contrast to the

majority of educational literature on passive solar energy
education that indicate hands-on tasks (i.e. physically interacting
with house) can improve learning and retention [3]. It is possible
that the task was not complex enough to yield differences in
learning. We expect that with a significantly more complex task
(i.e., more house options and more simulated geographical
environments) that we will see an effect on learning.
Motivation: there were no measurable differences for self-rated
motivation for any of the interfaces. This is also in contrast to the
literature [27], since we recruited participants with AR minimal
experience. We suspect that this may be a disadvantage of using
self-rated motivation rather than behavioral measures. Moreover,
we expect that there would be clear differences if we had
performed a similar study as a within subjects study so that users
could directly compare the interfaces instead of experiencing only
one interface. We aim to investigate this in the future.

[7]
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[13]

CONCLUSION

In our formal study, although there were significant differences
in task completion time, there was no clear winner for learning
benefits or motivation among the desktop interface, a GUI-based
mobile phone AR interface and GUI-is needed to determine the
learning impact of AR on passive solar energy education.
However, we were pleased that our approach to integrating
computationally intensive architectural simulation with an
interactive simulation and visualization had a positive impact on
learning, regardless of the interface used. Involving real end users
(i.e. high schools students and teachers) in development was
helpful to create an effective simulation and encouraged for the
acceptability of mobile phone AR in the classroom.
In the future, we aim to further reinforce hands-on learning
practice in AR-SEE with the use of additional sensors (i.e., an
instrumented model house) to enable more efficient tangible
interfaces for reconfiguring the real-time simulation. We also plan
to integrate significantly more complex simulation datasets, house
modification options, and simulated geographical locations. We
expect that this increased task complexity will be more likely to
demonstrate the learning effects of tangible AR on mobile phones.
Then we will conduct further formal studies with both teachers
and children in classroom settings to investigate AR-SEE‘s impact
in both individual and collaborative learning environments.
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