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ABSTRACT

A critical component of user studies is gaining access to a repre-
sentative sample of the population researches intend to investigate.
Nevertheless, the vast majority of human-computer interaction (HCI)
studies, including augmented reality (AR) studies, rely on conve-
nience sampling. The outcomes of these studies are often based
on results obtained from university students aged between 19 and
26 years. In order to investigate how the results from one of our
studies are affected by convenience sampling, we replicated the
AR-supported language learning study called VocabulARy with 24
teenagers, aged between 14 and 19 years. The results verified most
of the outcomes from the original study. In addition, it also revealed
that teenagers found learning significantly less mentally demanding
compared to young adults, and completed the study in a significantly
shorter time. All this at no cost to learning outcomes.

Index Terms: Human-centered computing—Visualization—Visu-
alization techniques—Treemaps; Human-centered computing—
Visualization—Visualization design and evaluation methods

1 INTRODUCTION

Reproducibility of user studies is a well known problem affecting
different scientific fields. For example, an attempt to replicate 100
studies in psychology, published within a year in three high-ranking
psychology journals, revealed that only 36% of results were repli-
cated successfully [2]. Furthermore, a survey including scientists
from various disciplines (chemistry, biology, physics/engineering,
medicine, earth and environment sciences, etc.) found that the vast
majority of them (64%-87%) reported having problems replicating
results from other studies [3]. Another problem is the lack of repli-
cation studies. A paper in the field of human-computer interaction
(HCI) reports that only 3% out of 891 studies attempted to replicate
an earlier result [4]. Within augmented, mixed and virtual reality
(AR, MR, VR) research such studies are even more scarce [7] with
only a few examples available, such as [1, 6].

To conduct a robust user study, a careful consideration must be
given to a representative sample of the population researchers intend
to investigate. However, the vast majority of HCI studies rely on
convenience sampling. As a result, the conclusions made in the liter-
ature are often based on the university students, aged 19 through 30.
This is also one of the recognised limitations of one of our previous
user studies called VocabulARy [8]. To investigate the effect of the
convenience sampling on the results of the aforementioned study,
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we decided to run a replication study that targeted a different age
group, aged 14 through 19.

VocabulARy is an AR system for learning words in a foreign
language. For our studies we selected Japanese as a language to
be learnt because it is uncommonly spoken by speakers of Indo-
European languages. The prototype displays visual and audio AR
annotations for objects in users’ surroundings. For each object
users can see two words – an English word (first language) and
Japanese translation (second language) – and the audio pronunciation
of the latter. In addition, the prototype displays a keyword and
its visualisation to enhance memory retention. In our studies we
compare the AR system to the non-AR tablet computer and on
each we compare keywords to keywords together with its visual
representation.

2 USER STUDY

The study was conducted following the research method described
in detail in the original paper [8]. The summary of the procedure
and differences are explained hereafter.

2.1 Participants and procedure
The study was completed by 24 participants aged 14 through 19
(x = 15.8, SD = 1.5). Half of them (12) participated in the AR (5
female) and half in the NON-AR condition (6 female). As we opted
for a mixed design study, the between subject factor (i.e. AR and
NON-AR) could be studied at two different locations. The NON-AR
was studied at a scout camp, and the AR at the university as a part
of a summer school. Since the participants came from different
schools and different parts of the country, they represent a more
varied sample compared to recruiting participants from one school
or area only. All participants voluntarily took part in the study
and the consent forms where acquired from their parents or legal
guardians if they were younger than 18.

At each location, we randomly selected the instruction mode to be
used first (KEYWORD vs KEYWORD+VISUALISATION). Finally, the
learning scenario was randomly selected (kitchen or office environ-
ment). All randomisations were counterbalanced. After the training
session the participants were asked to remember 10 Japanese words
in the learning scenario given.

2.2 Differences between the replication and original
study

Besides the age group (young adults 19-30 vs teenagers 14-19)
and the sampling method (convenience sampling among computer
science students from one university vs sampling from a more varied
group of high-school students), there were two other differences.
In the replication study we did not capture the delayed recall data,
and the maximal available time for NON-AR condition was reduced
from 15 to 5 minutes due to organisational limitations set by camp
organisers.

3 RESULTS

All participants managed to successfully complete the study. The
dependent variables (Immediate Recall (how many words could be
successfully recalled after the study), Mental Effort (measured with
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 Immediate Recall  
df MS F p n2p 

Interface 1 3852 9.38 0.004** 0.18 
Instruction Mode 1 1752 4.27 0.045* 0.09 

Interface * 
Instruction Mode 1 18.8 0.04 0.832 0.00 

 
 Mental Effort  

df MS F p n2p 
Interface 1 1294 17.55 0.000 *** 0.29 

Instruction Mode 1 802 10.87 0.002 ** 0.20 
Interface * 

Instruction Mode 1 1.88 0.03 0.874 0.00 

 Task Completion Time  
df MS F p n2p 

Interface 1 367715 69.71 0.000*** 0.61 
Instruction Mode 1 49890 9.46 0.004** 0.17 

Interface * 
Instruction Mode 1 9500 1.80 0.186 0.04 

  Immediate Efficiency  

df MS F p n2p 
Interface 1 8.3e-6 6.7e-6 0.998 0.00 

Instruction Mode 1 16.40 13.35 0.000*** 0.23 
Interface * 

Instruction Mode 1 0.981 0.79 0.376 0.02 

(a) (b) (d) (c) 

Figure 1: Means with standard deviation and ANOVA results for: (a) immediate recall performance in percentage of correctly remembered words;
(b) mental effort invested during the study; (c) task-completion-time in seconds; (d) learning efficiency.

  

 

  

 

 

 

 

 

 

 

 

 

  

  

 

 Immediate Recall  

df MS F p n2p 
Age 1 5.357 0.032 0.858 0.00 

Instruction Mode 1 1672 10.07 0.003** 0.16 
Age * Instruction 

Mode 
1 0.595 0.003 0.952 0.00 

 
 Mental Effort 

df MS F p n2p 
Age 1 467.1 10.04 0 .003** 0.16 

Instruction Mode 1 1396 30.01 < .001*** 0.37 
Age * Instruction 

Mode 1 31.7 0.681 0.413 0.01 

 Task Completion Time  
df MS F p n2p 

Age 1 3e+5 56.48 < .001*** 0.52 
Instruction Mode 1 2e+5 31.93 < .001*** 0.38 
Age * Instruction 

Mode 1 4677 0.882 0.352 0.02 

 
 Immediate Efficiency 
df MS F p n2p 

Age 1 5e-6 3.7e-6 0.998 0.00 
Instruction Mode 1 39.029 27.06 < .001*** 0.34 
Age * Instruction 

Mode 1 0.737 0.511 0.478 0.01 

(a) (b) (d) (c) 

Figure 2: Means with standard deviation and ANOVA results for AR condition analysing the effect of age. This analysis includes data from the
original and replication study for: (a) immediate recall performance in percentage of correctly remembered words; (b) mental effort invested during
the study; (c) task-completion-time in seconds; (d) learning efficiency.

the NASA-TLX questionnaire), Task Completion Time (time needed
to learn all the words), Learning Efficiency (the ratio of performance
to the difficulty of the learning task)) as well as all statistical analysis
carried out are described in detail in the original paper [8].

We conducted a mixed design analysis with 2 AGE (14-19 vs
19-30) x 2 INTERFACE (NON-AR vs AR) x 2 INSTRUCTION MODE
(KEYWORD vs KEYWORD+VISUALISATION) conditions. AGE and
INTERFACE conditions were analysed as between-subject factors, all
others were analysed as within-subject factors. The results are organ-
ised according to dependent variables and divided into Replication
study and Replication and original study subsections.

3.1 Immediate Recall

Replication study: The mean values of immediate recall and the
ANOVA results for the INTERFACE (AR and NON-AR) and the IN-
STRUCTION MODE (KEYWORD and KEYWORD+VISUALISATION)
conditions are shown in Figure 1a.

A significant main effect of the INTERFACE on immediate re-
call could be detected (F(1,44) = 9.38, p < 0.05, n2 p = 0.18).
Immediate recall scores were significantly better in AR condi-
tion (x = 88.8%, SD = 24.48) compared to the NON-AR condition
(x = 70.8%, SD = 16.24).

Also, a significant main effect of INSTRUCTION MODE on

immediate recall performance could be detected (F(1,44) =
4.27, p < 0.05, n2 p = 0.09). Immediate recall scores in KEY-
WORD+VISUALISATION condition (x = 85.8%, SD = 21.85) were
significantly better than in KEYWORD condition (x = 73.8%, SD =
21.83). No significant effect could be found between the INTERFACE
and INSTRUCTION MODE (F(1,44) = 0.05, p > 0.05, n2 p < 0.001).

Replication and original study for AR: The distribution of the
data and the ANOVA results for immediate recall focusing on the
effect of AGE are shown in Figure 2a. Statistical analysis showed
no significant effect of the AGE on participants’ immediate recall
(F(1,52) = 0.032, p > 0.05, n2 p < 0.001). Also, no significant
interaction effect could be found between the AGE and the INSTRUC-
TION MODE conditions (F(1,52) = 0.003, p > 0.05, n2 p < 0.001).

3.2 Mental Effort

Replication study: The mean values of the mental effort experi-
enced during the task and the ANOVA results are shown in Figure 1b.

A significant effect of the INTERFACE on mental effort could
be detected (F(1,1) = 17.54, p < 0.001, n2 p = 0.26). It was
significantly lower for the AR (x = 28.5, SD = 10.87) compared
to the NON-AR condition (x = 38.9, SD = 7.61). Also, a signif-
icant effect of the INSTRUCTION MODE on mental effort could
be detected (F(1,1) = 10.87, p < 0.01, n2 p = 0.29). In KEY-



WORD+VISUALISATION (x = 29.6, SD = 10.25) it was significantly
lower than in KEYWORD condition (x = 37.8, SD = 9.61). No signif-
icant effects were found between the INTERFACE and INSTRUCTION
MODE (F(1,1) = 0.03, p > 0.05, n2 p < 0.001).

Replication and original study for AR: The distribution of the
data and the ANOVA results for mental effort focusing on the effect
of AGE are shown in Figure 2b. A significant effect of the AGE
on mental effort could be detected (F(1,52) = 10.04, p < 0.05,
n2 p = 0.16). Mental effort was significantly lower in the 14-19
age group (x = 28.5, SD = 7.61) compared to the 19-30 age group
(x = 34.4, SD = 9.17). However, no significant interaction effect
could be found between the AGE and the INSTRUCTION MODE
(F(1,52) = 0.681, p > 0.05, n2 p = 0.01).

3.3 Task Completion Time
Replication study: The mean values of task completion time for all
study conditions are shown in Figure 1c. The data is analysed using
a between-within subjects ANOVA on the 20% trimmed means [5].

A significant effect of the INTERFACE on task completion time
could be detected (F(1,1) = 69.71, p < 0.001, n2 p = 0.61). The
completion time was significantly lower for the NON-AR condition
(x = 296s, SD = 80s) compared to the AR condition (x = 475s,
SD = 79s).

Also, a significant effect of INSTRUCTION MODE on task comple-
tion time could be detected (F(1,1) = 9.46, p < 0.01, n2 p = 0.17).
The KEYWORD+VISUALISATION (x = 351s, SD = 110s) resulted
in a significantly lower completion time than KEYWORD (x = 416s,
SD= 115s). There was no significant effect between the INTERFACE
and INSTRUCTION MODE (F(1,1) = 1.80, p > 0.05, n2 p = 0.04).

Replication and original study for AR: The distribution of the
data and the ANOVA results for task completion time focusing on
the effect of AGE are shown in Figure 2c. A significant effect of
AGE on task completion time could be detected (F(1,52) = 56.48,
p < 0.001, n2 p = 0.52). The task completion time was significantly
lower for 14-19 age group (x = 470.8, SD = 79.24) than the 19-30
age group (x = 618.6, SD = 101.11). No significant effect could be
found between the AGE and INSTRUCTION MODE (F(1,52) = 0.882,
p > 0.05, n2 p = 0.02) conditions.

3.4 Learning Efficiency
Replication study: The average learning efficiency for immediate
recall across study conditions are shown in Figure 1d. The data
is analysed using a between-within subjects ANOVA on the 20%
trimmed means [5].

Statistical analysis showed no significant effect of the INTER-
FACE on learning efficiency for immediate recall (F(1,1) = 6.8e−6,
p > 0.05, n2 p < 0.001). A significant effect of the INSTRUCTION
MODE condition on learning efficiency for immediate recall could
be detected (F(1,1) = 13.35, p < 0.001, n2 p = 0.23). The learning
efficiency was significantly higher in KEYWORD+VISUALISATION
(x = 0.585, SD = 1.08) compared to the KEYWORD (x = −0.584,
SD = 1.10) condition. There was no significant effect between
the INTERFACE and INSTRUCTION MODE for immediate recall
(F(1,1) = 0.79, p > 0.05, n2 p < 0.05).

Replication and original study for AR: The distribution of the
data and the ANOVA results for learning efficiency focusing on the
effect of AGE are shown in Figure 2d. Statistical analysis showed no
significant effect of AGE for learning efficiency for immediate recall
(F(1,52)< 0.001, p > 0.05, n2 p < 0.001). Also, no significant in-
teraction effects could be found between the AGE and INSTRUCTION
MODE (F(1,52) = 0.511, p > 0.05, n2 p = 0.01) conditions.

4 DISCUSSION AND CONCLUSION

A comparison of replication and original study results shows that
there is little difference between the two. The results for statistical
tests for the dependent variables such as immediate recall, mental

effort and immediate efficiency lead to the same conclusions. How-
ever, this was not the case for the time taken to complete the task.
The results of both studies agree on the effect of INSTRUCTION
MODE, whilst show the opposite in case of INTERFACE condition.
For this condition the completion time is significantly lower for the
NON-AR compared to the AR condition. This is probably due to
different time constraint for the NON-AR and AR conditions.

Furthermore, there is an observable difference in the significance
levels that were detected for all the variables. As the sample size
in the replication study was substantially smaller (i.e. n = 24 vs.
n = 32 in the original study) one would expect higher or similar
p-values. This was indeed observed for all p-values except for the p-
value of Immediate Recall for INTERFACE condition (i.e. p = 0.004
vs. p = 0.01 in original study). We hypothesise that the NON-AR
condition in the replication study was tested outside the laboratory
where the researchers did not have a complete control over the
environment. Thus, various disruptions could occur, such as noise,
people walking into the room, the presence of other observers. In
addition, it is important to note that the replication study did not
capture data for delayed recall, thus this part was not presented here.

Finally, the results analysing the effect of AGE condition showed
that teenagers found the study significantly less mentally demanding
and completed it in a significantly shorter time also in AR that had
the same time constraints as the original study. However, despite
overall better performance in immediate recall and learning effi-
ciency, no significance was detected. Why this is the case remains
to be answered.
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