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Kurzfassung

In dieser Bachelorarbeit werden wir eine Replikationsstudie der Arbeit von Voit et al. [VMSH19],
welche den Einfluss der Forschungsmethode bei der Evaluation von Smart Artifacts untersucht
haben, durchführen. Dort wurden in einer Studie fünf Forschungsmethoden verglichen, nämlich
Onlineumfrage, Virtual Reality (VR), Augmented Reality (AR), Labor und In-Situ. An dieser
Studie nahmen 60 Personen teil, welche vier verschiedene Smart Artifacts bewerten sollten. Für
unsere Replikationsstudie werden wir die Smart Artifacts durch vier Aufgaben ersetzen, welche
mit Werkzeugbenutzung und Zusammensetzung von Möbeln zun tun haben. Dabei lenken wir
den Fokus auf Visualisierungen, welche die Arbeit unterstützen sollen. Unsere Ergebnisse zeigen
keinen signifikanten Einfluss der Forschungsmethode auf die Ergebnisse der Fragebögen oder die
Bearbeitungszeit. Dies stellt einen Widerspruch zu den Ergebnissen von Voit et al. [VMSH19] dar.
Wir diskutieren Faktoren wie die genutzen Technologien, welche die Unterschiede zur Originalstudie
erklären könnten. Wir argumentieren weiter, dass die vorherigen Erfahrungen mit den jeweiligen
Aufgaben und Nützlichkeit der bewerteten Prototypen die Ergebnisse beeinflussen können. Wir
suggerieren weitere Experimente durchzuführen, um ein besseres Verständis dafür zu erlangen,
wann die Methode einen Effekt hat.
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Abstract

In this thesis, we will conduct a replication study of existing work by Voit et al. [VMSH19], which
examined the influence of the research method when evaluating smart artifacts. They compared
five research methods, namely Online Survey, Virtual Reality (VR), Augmented Reality (AR),
Laboratory (Lab) and In-Situ in a study with 60 participants, who should evaluate four different
smart artifacts. For our replication study, we will exchange the smart artifacts with four tasks
related to assembling furniture and woodwork, while also shifting the interest to the subject of
visualization through visual guides. Our results show no significant effect of the research method
on the questionnaire results or completion times, which is in direct contrast to the previous work by
Voit et al. [VMSH19]. We are discussing factors such as the used technology, which could explain
the different results compared to the original study [VMSH19]. We also argue, that prior experience
with the respective tasks and the utilities of the evaluated prototypes may have an influence on the
results. Further, we suggest follow-up examinations, to determine when the method has a significant
effect.
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1 Introduction

User studies are a very important part of HCI research, especially when evaluating new prototypes.
To conduct these studies, there are different methods to choose from, such as lab study or online
survery. Previous work investigated the effect of the methods on the user perception. In detail
they investigated online, Virtual Reality (VR), Augmented Reality (AR), lab, and in-situ studies.
They presented evidence, that the results between the methods are not always comparable to each
other. For example, when comparing five accepted methods to evaluate smart artifacts, Voit et al.
[VMSH19] found that the method has an influence in the results. However, as they only investigated
smart objects, this phenomenon requires further investigation. Replication studies can be a good
way to cross-check existing findings, and are an important step in getting conclusive answers. They
are often neglected, as they are not providing any novelties [GR14; WMC+11]. When replicating
studies, researchers have to be cautious with interpreting results. Oftentimes, significant findings
in rather noisy data from one study can not be replicated in another, negating their results and
hindering reproducibility of results. This is referred to as the replication crisis [LG17].

In the following, we will conduct a replication study of existing work by Voit et al. [VMSH19], which
examined the influence of the research method when evaluating smart artifacts. They compared
five research methods, namely Online Survey, Virtual Reality (VR), Augmented Reality (AR),
Laboratory (Lab) and In-Situ in a study with 60 participants, who should evaluate four different
smart artifacts.

In this replication study we want to examine, if the findings of Voit et al. [VMSH19] are transferable
to other tasks. Therefore, we will exchange the smart artifacts with four tasks related to assembling
furniture and woodwork, while also shifting the interest to the subject of visualization through
visual guides. These guides will be projected into the user’s field of view while they are working, to
support them in executing the tasks to their satisfaction. This could be utilized to assist people in
tasks usually out of their area of expertise, like the approach of Kritzler et al. [KMM16] with their
“RemoteBob” system. It connects remote experts with on-site workers and makes the experts able
to highlight particular things for the on-site workers in real time.

Another use apart from real time assistance via experts would be, to make assembly processes easier
and less faulty by highlighting the parts in question and displaying the way in which they must be
put together. Funk et al. [FMS15] presented a comparison between a projection system - like the
one we have in mind – and conventional pictorial instructions in the context of assisting cognitively
impaired workers at assembling tasks. Their work showed a definite improvement in execution of
the given tasks, when aided by projected instructions.

The research methods we are going to investigate will be the same as the ones used by Voit et al.
[VMSH19], which are online survey, lab study, in-situ study, VR-study and AR-study, to guarantee
comparability. To be able to conduct the study, we will modify the software and qualitative
questionnaire used by Voit et al. [VMSH19] to meet the new requirements. This will mainly consist
of exchanging the existing tasks related to smart artifacts with the tasks we want to investigate in

13



1 Introduction

the new study, which will be related to woodwork and assembly, assisted with visual cues. To
make as much comparisons as possible, we will orient the study design on the design of Voit et al.
[VMSH19], with the only difference being that we compare visualizations for tool use, instead of
smart artifacts.

Structure

This thesis is separated in the following parts:

Chapter 2 - Related Work: In this chapter, we discuss related work, that compared different
research methods.

Chapter 3 - Method: This chapter describes the user study we conducted in detail.

Chapter 4 - Results: In this chapter, we present the data we have gathered.

Chapter 5 - Discussion: Here, we discuss our results and highlight our findings.

Chapter 6 - Conclusion: In this chapter, we present a conclusion to our work and discuss
implications for future research.
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2 Related Work

In the following, we present related work that lead up to the presented replication investigated into
the effect of different study methods on the outcome of the study. Thus, our work builds onto
previous work, that applied and compared empirical methods to find differences in their results.

2.1 Empirical Methods

There are plenty of methods to evaluate prototypes in HCI research. The widely accepted ones,
however, are online surveys [OS12; VMW+16], lab studies [AVSC06; BMM06; SLH+19; VWSH17]
and in-situ studies [HRB11; MHDH14; VHV14]. In recent times, new methods are evolving
through the development of novel technologies, two of them being AR (e.g. [PMS+10]) and VR
studies (e.g., [KSF+18; MSSH18; RMKH19]).

The big advantage of online surveys is their cheap and time efficient nature [DSO08; SR12]. Another
big plus is the fact, that participants do not need to go anywhere to participate and can fill in online
surveys whenever they have time, from the comfort of their own home [DSO08].

Lab studies provide a range of settings between abstract [DTC06] and simulated real world context
[KSAH04; SM13]. They take place in an environment controlled by the experimenter, so there can
be an evaluation of prototypes without distractions [DFAB03]. This leads to results with a high
internal validity.

In-situ studies on the other hand enable the evaluation of prototypes in the environment they were
designed for [DFAB03; RSP09], which leads to results with a high external validity [HRB11].
This has the downside, that distractions cannot be completely controlled, for example interruptions
through other people [DFAB03]. Data collection through combined methods like background logs
and interviews of the participants can give an insight into the user experience [BRS11; RSP09] and
the context of use [RCT+07].

Some of the more novel technologies that can aid in conducting user studies for prototype evaluation
are AR and VR. This opens up new possibilities, for example if the study would be too expensive
or too dangerous to be conducted in-situ or in a lab, a simulated version in VR is still an option
[DFAB03; DLO+05]. When it comes to the presentation technique, head-mounted displays were
found to be the most immersive option when compared to other VR setups, according to Colley
et al. [CVH15]. Furthermore, Mottelson and Hornbæk [MH17] came to the conclusion, that VR
studies do not have to be conducted solely in sterile lab conditions, as their results from in-lab
setups showed comparability to out-of-lab setups.
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2 Related Work

2.2 Comparison of Empirical Methods

Previous work investigated differences when evaluating prototypes between lab studies and online
surveys [CJ14; DSO08], between lab and in-situ studies [KS14; KSAH04; NOP+06; RCT+07], and
between all five (online surveys, lab studies, in-situ studies, AR-studies and VR-studies) methods
[VMSH19].

In the comparison of lab studies and online surveys, results showed that lab studies tend to have
more accurate results when measuring demanding tasks. This is caused due to participants feeling
more committed to the study when being in lab conditions [DSO08]. Also, there are less distracting
factors present and the environment is controlled by the researchers [CJ14; DSO08]. Online surveys
typically have a higher dropout rate than lab studies, since the participants do not feel as committed
[DSO08]. Furthermore, the environment in which the survey is filled in cannot be controlled by the
researchers, leading to potentially more distractions than in lab conditions [CJ14; DSO08].

Comparison of lab and in-situ studies showed that in large parts, the results of both methods
were similar when investigating the participants capability to characterize usability issues [HN12;
KKC+05; KSAH04]. In some areas like cognitive load and interaction style however, in-situ studies
came to results that could not be found in lab studies [NOP+06]. Also, when looking at usability
issues that root in the environment of use, like the movement in a train, there are challenges when
imitating them in the lab [DTC06]. Participants’ feedback also seemed to be affected by the setting,
as is evident in the results by Sun and May [SM13]. They reported that in the lab condition, their
participants seemed to care more about interface details, while in-situ, data validity and precision
seemed to be the main concern. Perceived user experience between lab and in-situ studies was
also examined [RSP09; SM13]. Results showed an effect of the environment on perceived user
experience, like the atmosphere influencing an in-situ study at a large sports event, which provided
Sun and May [SM13] with higher user experience ratings than the lab study counterpart. There
are different approaches to compare both methods, with varying degrees of realism in their lab
setup. The more realistic ones tried to have their lab environment resemble actual places like sports
stadium or a hospital, just like their in-situ counterpart [KSAH04; SM13]. An example for the less
realistic ones would be the work of Duh et al. [DTC06], where the in-situ study consisted of a ride
in a real train, whereas the lab setup was just a table. Previous work comes to the conclusion, that
the goals and research questions should dictate whether to utilize lab or in-situ studies [KS14],
but finds that in-situ studies are best suited for the evaluation of prototypes’ integration into users’
lives, while also gathering information on the context of use with high external validity [HN12;
RCT+07].

In the comparison of online surveys, lab studies, in-situ studies, AR-studies and VR-studies, the
results showed, that the method had a significant influence on five of the six questionnaire scores.
Further, three measures of the AttrakDiff questionnaire showed an interaction effect between the
used empirical method and the examined smart artifact. This concludes that not just the method, but
also the prototype in question has an influence on the comparability of different empirical methods
[VMSH19]. In conclusion, the research questions and goals dictate what method should be chosen
[KS14]. To evaluate realistic user behaviour and integration of a prototype in their daily lives with a
high external validity, related work proposes to utilize in-situ designs, however [HN12; RCT+07].
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3 Method

In the following chapter, we present a user study which is a replication of the work by Voit et al.
[VMSH19]. In their work they investigated the effect of study method on the users perception
using smart artifacts. In contrast, we analyze visualizations that support users while using wood
crafting tools or assembling furniture. All visualizations can help an human to achieve better
results when using for instance wood crafting tools or assembling a chair. In line with Voit et al.
[VMSH19], we evaluated the visualizations in five study methods: online survey (Online), a lab
study in Virtual Reality (VR), a lab study using Augmented Reality (AR), a lab study with a projector
for the visualizations (Lab), and an in-situ study in participants’ homes (In-Situ). In each method,
there were four visualizations to evaluate by the participants.

3.1 Study Design

We used a mixed study design with two independent variables, method and visualizations. For
the method we utilized a between-subjects-design which had five levels: Online, VR, AR, Lab and
In-Situ. For visualizations we used a within-subjects-design with four levels: Drill, Screw, Saw
and Assembly. Each participant conducted the tasks using one method and all visualizations,
which were presented according to a Latin square order. To get comparable results, we balanced
the participants between methods with gender and age. In order not to bias them, participants did
not know about the other methods and thought the study was just about the evaluation of different
visualizations. After the participants were done with the study, we explained to them what the real
purpose of the research was. We used a Wizard-of-Oz approach when presenting the visualizations
to the participants. Here, the experimenter adjusted the states of the visualizations via an android
application on a tablet according to the actions of the participants. This gives participants the
illusion of a fully working prototype.

3.2 Visualizations

For each task, we designed different visualizations with multiple unique parameters, to be used
with wood crafting tools or to assemble furniture. The tasks where chosen to resemble rather
common problems a person would encounter around the house. Thereby, we assured that no prior
knowledge of operating power tools or any kind of carpenter experience where required to achieve
the goals. For the visualizations, we went with bright, distinguishable colors to avoid any ambiguity
in understanding them. See Appendix A for multiple showcases of our visualizations during the
study.
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3 Method

(a) In-Situ setup of the chair assembly task with a
green instruction highlight.

(b) In-Situ setup of the drill task, showing the
crosshair visualization and the drill.

(c) In-Situ setup of the saw task, showing the cutting
edge and angle indicators.

(d) In-Situ setup of the screw task, showing the target
depth and position indicator.

Figure 3.1: Showcase of In-Situ setups for our study.

3.2.1 Visualization to aid in assembly

For the task that required to assemble an IKEA chair with prebuilt parts, we needed a visualization
that would show in each step which part has to go where, very much like the traditional instructions
on paper. We took on the technique, that consists of green highlights for the next correct step (see
Figure 3.1a), and red highlights in case the user took the wrong part [BFSR16; FKS16; FMNS16;
FMS15; FSM+15]. Funk et al. [FMS15] showed great potential with this system when they tested
it with cognitively impaired workers doing assembly tasks. For our task, we projected a green
rectangle over the next part that had to be picked up. As soon as the part was picked up, the green
rectangle disappeared and another one showed up on the position where the current part had to
be put. If the user accidentally picked up the wrong part, all green highlights disappeared and a
red highlight in the shape of the wrongly taken part was shown at that part’s correct position, so
the user knew to put it back there. After the last part was assembled correctly, all highlights were
turned off. To make the assembly easier, we fixated the base frame of the chair to the table and
let the user put all the other parts onto this frame. The chair we chose was white, so there was no
difficulty in seeing the visualization on the parts.
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3.2 Visualizations

3.2.2 Visualization to aid in using a drill

To visualize the orientation and depth of a power drill, as well as the desired position in which
the hole should be drilled, we adopted work by Heinrich et al. [HJLH19]. In their work, they
experimented with different visualizations for surgical use, more specifically to insert needles into a
patient with high precision. They showed great potential for a crosshair based visualization. We
adopted this technique, since the base principle applies to both fields of use. The position of the
hole that has to be drilled is indicated by the position of the whole visualization (see Figure 3.1b).
The base of this visualization consists of a big blue crosshair, indicating the desired position in its
center. To show the drill orientation, there is another crosshair on top of the blue one, this one is red
and moves around on the big blue crosshair, showing the position of the back of the drill. So if the
drill is aligned perpendicular to the surface, the red and blue crosshairs would be aligned in the
center. Lastly, to indicate how deep the drill has already penetrated the material, a circle grows out
of the center of the blue crosshair depending on the drill depth. While growing, the circle changes
its color from red to yellow to green. If this circle is green and fills out the outer blue crosshair
perfectly, the target depth is reached. If the user drills in deeper than desired, the circle will grow
over the borders of the blue crosshair and the part of the circle that is outside of the crosshair will
turn red. We presented this visualization on a block of wood, which was clamped onto the table
where the study took place.

3.2.3 Visualization to aid in using a handsaw

For a visualization as assistance while using a handsaw, we decided to visualize the cutting edge
position and the angle of the saw (see Figure 3.1c). We took inspiration by the work of Schoop et al.
[SNL+16], who also worked on great ways to have assistance while doing handiwork. Although
they used a fixed miter saw instead of a handsaw, the principle of showing the bevel angle on a
radial scale is still sound. They used a tablet to display the angle, whereas we just projected or
showed it on the table next to the wood, depending on the method. We had a 180° radial scale to
show angles from -45° to +45°, where 0° was desired to make a perpendicular cut in the wood. To
let the users know whether they were sawing in the right place, the cutting edge was visualized
through a red line on the wood, which turned green as long as the saw was placed correctly.

3.2.4 Visualization to aid in screwing

To aid the user while screwing in a screw that does not go in all the way, for example in case one
wants to hang a picture on it, we came up with another visualization. Even though the visualization
inspired by Schoop et al. [SNL+16] used for the drill would have worked here as well, we wanted
to have a different one in order to get a separate evaluation for this task by the user. The desired
position of the screw was shown by a red cross, which turned green as long as the screw was in the
right position (see Figure 3.1d). To show the depth of the screw, we placed a visualization inspired
by a bullet chart right next to the wood where the screw had to be put in. On this chart where color
coded areas, utilizing the traffic light metaphor - red, yellow and green. A black bar grew from one
side to the other, according to the current screw depth. Once the black bar reached the green area
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3 Method

on the bullet chart, the user had reached the target screw depth. We did not visualize the orientation
of the screw, because the usual case to screw in a screw is perpendicular to the surface as this is the
easiest way.

3.3 Apparatus

As this study is a replication of Voit et al. [VMSH19], the apparatus of the previous study was
reused and modified to meet the new requirements. Since the apparatus is Method dependent,
multiple systems were implemented (see Figure 3.2). With all Conditions - except for Online - the
experimenter used an Android application to change the states of all visualizations in real time with
a Wizard-of-Oz approach. The tablet running this application was connected to the other devices
via a pocket router emitting its own WiFi network. Trough this connection, we sent UDP packages
with JSON commands containing the new visualization values to the corresponding Unity1 app,
depending on the Method. To minimize the possible effect of red-green-colorblindness, we had
to adapt our visualization coloring accordingly. Therefore, we replaced all green elements and
otherwise hard to see objects. This is in line with previous work, e.g. Schoop et al. [SNL+16] who
used blue hues for color-vision impaired users.

VR As a basis for the VR condition, we used the Unity implementation from Voit et al. [VMSH19]
which had the real Laboratory where the study took place already modeled to scale as a base
and replaced all smart artifacts with exact 3D-modeled replicas of the tools we used in the other
conditions and the visualizations needed for this study. The virtual environment was an exact
replica of the room where the other methods, except for in-situ took place. The participants used
a HTC Vive with two controllers to see and interact with the virtual environment, i.e. using the
3D-modeled tools on the virtual wood. The HTC Vive was used with a Windows 10 PC running the
Unity scene.

Lab and In-Situ For the Lab and In-Situ conditions, we made another Unity scene which only
consisted of the visualizations and a plain black background, with a orthogonal camera output. The
build of this scene was run on a Windows 10 Laptop connected to a projector which was mounted
on a tripod to face downwards on the tabletop where participants had to do the tasks. On this table,
we fixated the wood with F-clamps, so the visualizations projected onto it would always be on the
same place. In case of the In-Situ condition, we provided a foldable camping table in case the
participants did not have a proper table to do woodwork on in their homes, so we would not damage
any furniture. To drill the hole in the drill task, we used a two-handed power drill. A little handsaw
was used for the saw task. For the screwing task, we used a small cordless drill. These tools were
used for all Methods, except for AR, where we used 3D-modeled replicas of the tools.

1www.unity.com
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3.3 Apparatus

(a) Method: Online (video screenshot) (b) Method: In-Situ

(c) Method: AR (d) Method: Lab

(e) Method: VR

Figure 3.2: The drill task in all study methods.
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Online In the Online condition we reused the website created by Voit et al. [VMSH19] where all
the relevant questionnaires were already implemented and modified the study specific questions.
We presented embedded YouTube videos with an length of 30 seconds each, showing the tasks
performed in the Lab condition setup.

AR For the AR condition, we used a Microsoft HoloLens running another Unity app, which was
created with the aid of Vuforia2 image target tracking. We had to remodel the visualization objects
used in the other scenes with lower detail, in order to get the HoloLens to run smoothly. Participants
performed the tasks on the same table we used in the Lab and In-Situ conditions, while wearing the
HoloLens. On this table was a fixated image target for Vuforia to have the holograms in the right
positions.

3.4 Measures

We used the same questionnaires which Voit et al. [VMSH19] used for perfect comparability. Here,
we used the System Usability Scale (SUS) [Bro96] which is often user to assess the usability of
prototypes. Secondly, we used the AttrakDiff which investigates the pragmatic qualities, hedonic
qualities, and attractiveness of a prototype/product for the users [HBK03a; HBK03b]. Thirdly,
we also used the Augmented Reality Immersion (ARI) [GK17], which focuses on engagement,
immersion, and location-awareness. Thus, we asked the participants to fill in the three standardized
questionnaires, AttrakDiff [HBK03a; HBK03b], ARI [GK17], and SUS [Bro96].

3.5 Procedure

The procedure differs in some details, depending on the method. For the methods AR, VR and
Lab, the procedure goes as follows: At the beginning of the study, the participants where greeted
and presented with a consent form which they had to fill in. After that, they where provided with an
explanation about the study. To not bias them, they where kept under the impression that this study
is solely about visually assisted tool use, without mentioning the other methods. Then, they had
to fill in their demographics on a laptop in the same website that was later used to do the online
survey. Now they got presented with the tasks in an order predefined by a Latin square, and after
performing each task they had to fill in the ARI, AttrakDiff, SUS and qualitative questionnaire.
Each participant got the same explanation on how the tasks and visualizations worked, which was
also in the online survey as text above the videos. After all four tasks where accomplished by the
participants, they got presented with a final questionnaire, after which they filled in a form, in order
to get they monetary reward. For the In-Situ method, the procedure was almost the same, with the
difference that they first had to find a space in their home in which they where comfortable with
having the study setup installed and execute the tasks provided to them. For the online method
however, the participants got sent a link to the survey website. They then had to fill in the survey in
their own time and the consent form was attached to the survey as a PDF file. Instead of doing
the tasks with the visualizations themselves, they where given YouTube videos embedded in the

2https://developer.vuforia.com/
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3.6 Participants

website. These videos showed the tasks being carried out by another person, from a perspective
where the viewer could only see the hands of the person in the videos. After they filled in the final
questionnaire, they had to fill in their name and email address, and tick a box saying they would
bring the signed consent form in exchange for their monetary reward within two weeks.

3.6 Participants

For the user study, we recruited 60 volunteers (35 male, 25 female) whose age ranged between 18
and 63 years (M = 30.9, SD = 13.2) via an university mailing list, social networks, and recruitment
in person. Participants were counterbalanced across the five methods. Each method had 7 male
and 5 female participants. The mean age between methods ranged between 28.6 and 32.7 years old.
For the Methods VR, AR, Lab and In-Situ, we exclusively recruited right-handed participants, in
the Online Method we had 3 left-handed volunteers.
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4 Results

We examine the ratings of the standardized questionnaires, their item reliability, the average time
users took to fill in the questionnaires and the qualitative feedback, to ascertain potential differences
between the empirical methods we applied to our study. In doing so, we can achieve the best
comparability to the study by Voit et al. [VMSH19].

4.1 Questionnaire Scores

We conducted a Mixed-Model Multivariate Analysis Of Variance (MANOVA) with between-
subject variable Method and within-subject variable Visualization. In contrast to Voit et al.
[VMSH19], we found no statistically significant effect on Method (F(24,212) = 1.025, p = .436,
η2
p = .027). However, in line with Voit et al. [VMSH19], we found a statistically significant effect

on Visualization (F(18,486) = 2.025, p = .008, η2
p = .025). Further, the two-way comparison

Method × Visualization was not statistically significant (F(72,990) = .965, p = .561, η2
p = .031),

in line with previous work.

In the following, we present six univariate two-way ANOVAs for questionnaire measures. As
post-hoc tests, we performed pairwise t-tests with Bonferroni-corrected p-value adjustments.

We conducted a two-way ANOVAs to investigate the influence of Method and Visualization on
the dependent variable SUS, see Figure 4.1. The ANOVA revealed no statistically significant main
effect on Method and Visualization (F(4,55) = 1.342, p = 0.266; F(3,165) = 1.662, p = 0.177;
respectively). We also found no statistically significant two-way interaction effect of Method ×
Visualization on SUS (F(12,165) = 0.452, p = 0.94). While Voit et al. [VMSH19] also did notfind
a significant on Method and Method × Visualization, we could not reveal the significant main
effect on Visualization.

We conducted a two-way ANOVA to investigate the influence of Method and Visualization on
the dependent variable ARI, see Figure 4.1. The ANOVA revealed no statistically significant main
effect on Method and Visualization (F(4,55) = 0.315, p = 0.867; F(3,165) = 2.344, p = 0.075;
respectively). We also found no statistically significant two-way interaction effect of Method ×
Visualization on ARI (F(12,165) = 1.804, p = 0.051). While Voit et al. [VMSH19] found no
significant on Method and Visualization, we could not reveal the significant main effect on
Visualization. In both cases the two-way interaction effect was not statistically significant.

We conducted a two-way ANOVA to investigate the influence of Method and Visualization on
the dependent variable AttrakDiff - AttrakDiff PQ, see Figures 4.1 and 4.2. The ANOVA revealed
no statistically significant main effect on Method (F(3,165) = 0.217, p = 0.928)); however, on
Visualization (F(4,55) = 3.374, p = 0.02) it did. We also found no statistically significant two-way
interaction effect of Method × Visualization on AttrakDiff - AttrakDiff PQ (F(12,165) = 1.179,
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4 Results
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Figure 4.1: Plots showing the mean scores of SUS, ARI, and AttrakDiff (PQ, HQ, ATT) ques-
tionnaires for all five methods (Online, VR, AR, Lab, In-Situ). The error bars show
the confidence interval of 95%. To increase comparability between the different
standardized questionnaires, the scales were adjusted post study.

p = 0.302). We performed post-hoc tests for Visualizations; however, could not reveal any
significant differences (p > .05). While Voit et al. [VMSH19] found significant effects on all tests,
we could not reveal a significant main effect of Visualization.

We conducted a two-way ANOVA to investigate the influence of Method and Visualization on
the dependent variable AttrakDiff - AttrakDiff HQ-I, see Figures 4.1 and 4.2. The ANOVA revealed
no statistically significant main effect on Method (F(3,165) = 0.597, p = 0.666)); however, on
Visualization (F(4,55) = 5.658, p = 0.001) it did. We also found no statistically significant two-way
interaction effect of Method × Visualization on AttrakDiff - AttrakDiff HQ-I (F(12,165) = 1.11,
p = 0.355.). We performed post-hoc tests for Visualizations; however, could not reveal any
significant differences (p > .05). While Voit et al. [VMSH19] found significant effect for all tests,
we could not reveal a significant main effect of Method.

We conducted a two-way ANOVA to investigate the influence of Method and Visualization
on the dependent variable AttrakDiff - AttrakDiff HQ-S, see Figures 4.1 and 4.2. The ANOVA
revealed no statistically significant main effect on Method (F(3,165) = 0.649, p = 0.63));however,
on Visualization (F(4,55) = 3.008, p = 0.032) we did. We also found no statistically significant
two-way interaction effect of Method×Visualization on AttrakDiff - AttrakDiff HQ-S (F(12,165) =

0.923, p = 0.525.). We performed post-hoc tests for Visualizations; however, could not reveal
any significant differences (p > .05). While Voit et al. [VMSH19] found significant effect for all
tests, we could not reveal a significant main effect of Method.

We conducted a two-way ANOVA to investigate the influence of Method and Visualization on the
dependent variable AttrakDiff - ATT, see Figure 4.1. The ANOVA revealed no statistically significant
main effect on Method (F(3,165) = 0.066, p = 0.992); respectively); however, on Visualization
(F(4,55) = 3.13, p = 0.027) it did. We also found no statistically significant two-way interaction
effect of Method × Visualization on AttrakDiff - ATT (F(12,165) = 1.25, p = 0.254.). We
performed post-hoc tests for Visualizations; however, could not reveal any significant differences
(p > .05). While Voit et al. [VMSH19] found no significant effect for both main-tests, we could not
reveal a significant main effect of Method.
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4.2 Questionnaire Completion Time
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Figure 4.2: Portfolio presentation graph comparison of the AttrakDiff, with Hedonic Quality (HQ)
= Hedonic Quality-Identity (HQ-I) + Hedonic Quality-Simulation (HQ-S).

4.2 Questionnaire Completion Time

To better understand what could have affected the results, we analyzed the time participants took
to fill in the questioners. Thus, we conducted a one-way ANOVA of Method on Questionnaire
Completion Time, see Figure 4.3. The ANOVA revealed no statistically significant difference
(F(4,235) = .328, p = .859). This is in contrast to the results by Voit et al. [VMSH19].
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Figure 4.3: Plot showing the average time participants took to fill in all questionnaires, for each
method (Online, VR, AR, Lab, In-Situ). Error bars show the confidence interval of
95%.
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5 Discussion

Comparing the results of all five empirical methods, we found no significant effect between methods
for the evaluation of different visualizations through questionnaires. These findings are in contrast
to those of Voit et al. [VMSH19], where the method was a significant influence on the results. Also,
we found no significant effects between the different visualizations paired with the method, which
is contradicting to the results of Voit et al. [VMSH19], where the smart artifacts paired with the
method showed an effect, again. This suggests that visualizations have different properties than
smart artifacts, which lead to different outcomes. Maybe the novelty effect of the smart artifacts
influenced the evaluation. One reason for this phenomenon could lie in the very presentation of the
two kinds of prototypes. Voit et al. [VMSH19] had to use fundamentally different technologies
between methods, e.g. the in-situ or lab prototype was a real object with built-in LEDs, while
the AR and VR prototypes utilized virtual light sources to achieve a similar effect, which may
have been perceived differently than the real world design. In our work however, we utilized the
same visualizations in all methods, but presented them through different technologies, making
them potentially feel more similar to one another. Even in VR, where the whole room around the
participant was virtual, the visualizations remained the same. This fact may make their evaluations
between methods relatively similar, as long as the participant does not factor in the surroundings of
the presentation.

Another observation we made arise through the completion time participants took to fill in the
questionnaires. While Voit et al. [VMSH19] found a significant effect of the method on questionnaire
completion time, our results did not show any significance. Another factor could be, that our
visualizations are, as mentioned above, very similar in every method. This may lead to very similar
feedback as well, which would take about the same time in every method. The fact that the tasks in
our study are probably more commonly known, may have also influenced the completion time of the
questionnaires. Participants may have been able to answer straight away for every task. This could
have made the completion time difference non-significant, while with the more abstract designs of
smart artifacts used by Voit et al. [VMSH19], participants may have had to think longer about a
specific artifact before answering.

Further, smart artifacts like the ones used by Voit et al. [VMSH19] are not (yet) in use under normal
circumstances, so most people are not familiar with them. The tasks used in our work, however, are
very common and most people at least know about them to some extent. Maybe this is too much of
an influence and overshadows the feedback concerning the visualizations themselves, as one does
not interact with the visualization per se, but rather with the tools and parts involved in the tasks as
well.

Additionally, Voit et al. [VMSH19] designed the smart artifacts specifically with varying utilities in
order to find differences between the objects. For instance, one could argue that a smart speaker
does not need an indicator for the output volume, since one can usually hear how loud the music
that is currently played is. In our work however, every visualization is aimed at making the given
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5 Discussion

task easier for participants. Granted, even then there are differences in usability, for example when
assembling the IKEA chair for children. There are not many ways in which the parts could be put
together, even without external help. Yet, most people know the struggle of putting together some
prebuilt parts just to discover they missed some step in between. In this case, our visualizations
would still be a valuable tool. Lastly, our study was conducted with 60 participants, which leads to
twelve participants per method. This may very well be to small of a sample size to get significant
results. This could be the reason why we have found inconclusive effects in some cases, where the
ANOVAs produced significant results for some of the questionnaires, but the post-hoc tests where
not significant.
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6 Conclusion

There is a variety of methods to evaluate prototypes in HCI research. Some of them are more
convenient [OS12; VMW+16], others try to be as close to reality as possible [HRB11; MHDH14;
VHV14] and some try to gain as much as internal validity possible [AVSC06; BMM06; SLH+19;
VWSH17]. When conducting studies it is important to be aware how the choice of method influences
the results. Previous work investigated, how different methods lead to possibly different results, and
if those results are even comparable to each other [NOP+06; SM13; VMSH19].

To solidify the findings of previous work, replication studies are needed [GR14; WMC+11]. In this
thesis, we wanted to build onto the work of Voit et al. [VMSH19], who found that when comparing
smart artifacts, the method has a significant influence on the results. We decided to replicate the user
study by Voit et al. [VMSH19] and replace the smart artifacts they evaluated with visualizations to
aid in tool use and assembly.

We chose four tasks to be completed by our participants. The first task consisted of assembling an
IKEA chair with the help of highlights for the next part to pick. In the second task, participants
needed to drill a hole with a power drill. The position of the hole, as well as the orientation and
depth of the drill were visualized. For the third task, participants had to use a handsaw, while our
visualization showed them the roll angle of the saw and whether they placed the saw correctly on
the cutting edge. The last task was designed to help participants while screwing a screw, with
visualizations that showed the screw depth, as well as the correct position of the screw.

The evaluation of our results showed no significant effect of the different methods on the evaluation
of our visualizations by the participants. This is in direct contrast to the findings of Voit et al.
[VMSH19], where the method had a significant influence on two of the three questionnaire scores.
We argue, that the different outcome presumably lies in the different prototypes that each study
evaluated. The smart artifacts used by Voit et al. [VMSH19] were based on different technologies,
depending on the method. This could potentially make the differences between methods more
obvious than in our work, where all methods used the same visualization with the same aesthetics
and just the technology of presentation was method dependent. Another difference in the results
between our work and that of Voit et al. [VMSH19] is found in the questionnaire completion times.
While the method had a significant effect on them in the study of Voit et al. [VMSH19], it did not in
our study. This may have to do with the nature of the smart artifacts used by Voit et al. [VMSH19],
which participants may not be as familiar with when compared to our household level tool use and
assembly tasks. This could lead to participants having to figure out what their feedback concerning
smart artifacts and their use would be. Meanwhile in our study, when presented with familiar tasks,
they may already have a preformed opinion about some of the things they knew beforehand, i.e.
how hard it is to assemble a piece of IKEA furniture.
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6 Conclusion

We conclude, that the nature of the prototype has an influence on the outcome of the study method
comparison. We did not find a definitive answer to whether or not a prototype evaluation can and
should be compared between different empirical methods. Our results suggest it is possible when
assessing visualizations, while in in the previous work by Voit et al. [VMSH19], there were clearly
influences caused by the method when assessing smart artifacts.

6.1 Future Work

Since our results are in direct contrast to the findings of Voit et al. [VMSH19], future investigations
should conduct more research concerning different artifacts and visualizations using the presented
empirical methods. In both studies, the number of participants was low, which could render the
results not stable. Replicating the study with a much larger number of participants could eradicate
this factor further.

The prototypes used in our study and the prototypes by Voit et al. [VMSH19] were very different in
their concept. Since we suspect that the kind of prototype one wants to evaluate could influence on
the outcome. Thus, a wider range of prototypes should be investigated in the future. We argue that
this could uncover the factor why the two studies are in contrast to each other.
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A Appendix

Figure A.1: Demographics Questionnaire

Figure A.2: SUS Questionnaire



Figure A.3: AttrakDiff Questionnaire



Figure A.4: ARI Questionnaire
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