
Abstract 
 
This study evaluated the effectiveness of spatially overlaid 
instructions using augmented reality (AR) in an assembly 
task comparing with other traditional media. Results indi-
cate that overlaying 3D instructions on the workspace re-
duce error rate by 82%, particularly cumulative errors. 
Measurement of mental effort also suggests some of the 
mental workload is offloaded to the computer. 
 
 

1.    Introduction 
 

The purpose of this study is to explore the effectiveness 
of AR as an instructional medium. This study has sought to 
provide three contributions for our understanding of com-
puter-human interaction in AR environment: (1) determine 
if the use of spatially overlaid information can improve hu-
man performance in assembly tasks comparing to other me-
dia, (2) provide theoretical basis for how AR interfaces 
might provide cognitive support and augmentation, and (3) 
determine potential weakness in current AR interface de-
sign methodologies. 
 

2.    Methodology 
 

Three hypotheses were generated. H1: Spatially over-
laid media will significantly reduce the amount of time to 
complete an assembly task. H2: Spatially overlaid media 
will significantly reduce the amount of errors during object 
assembly. H3: Spatially overlaid media will significantly 
reduce the cognitive load of an assembly task. 

The experiment uses a between subject design. There 
was one independent variable, type of instructional media 
used, with four levels of treatment: (1) printed manual, (2) 
CAI on LCD monitor, (3) CAI on see-through HMD, and 
(4) spatially registered AR. The dependent variables in-
cluded time of completion, error rates, and perceived men-
tal workload. 75 participants from an undergraduate class 
volunteered to participate in the study. Subjects were re-
quired to complete an assembly task consisted of 56 steps 
using the specific medium as per the treatment. An assem-
bly task made up of Duplo was used in the experiment to 
minimize bias towards population with expertise in certain 
knowledge related to a specific domain, and for task gener-
alization so the result is applicable to general assembly 

tasks rather than assembly tasks in specific domains. To 
facilitate hands-free task engaged operation, subjects in 
treatment 2, 3, and 4 used voice command to control the 
instructions. A human agent interpreted the voice com-
mands and controlled the instruction accordingly (with re-
action time within a second) to ensure maximum accuracy 
on the voice recognition task. Three measurements were 
collected: completion time, number of errors in the final 
assembly, and a subjective measurement of mental work-
load using the NASA Task Load Index (NASA TLX) [1]. 
Two classes of errors were defined. Dependent error is an 
error related to another error made previously, and inde-
pendent error is an isolated error that does not relate to a 
previous step. 

This experiment was designed to compare the effective-
ness of spatially overlaid information with traditional me-
dia. We controlled some variables between different treat-
ments that affect task performance, but not within the ob-
jectives of this study. In treatment 3 and 4, instructions were 
presented to the subjects through a see-through HMD. Per-
formance is expected to be reduced due to a reduced lumi-
nosity, field-of-view, and discomfort caused by the HMD. 
To control these factors, subjects in all treatments were re-
quired to wear the HMD during operation so that these vari-
ables remain constant among treatments. In treatment 4, 
subjects were required to perform a display calibration pro-
cedure that is considered to be challenging for untrained 
user, and can induce fatigue and mental workload factors 
that affect task performance. To control these factors, par-
ticipants in all treatment were required to perform the cali-
bration procedure so that these variables remain constant 
among treatments. 

 

3.     Results 
 
Table 3.1 illustrates the mean time of completion, mean 
number of errors, and mean score of the NASA TLX rating 
for each treatment. The descriptive statistics reveal that 
treatment 4 (AR) has significantly lower error rates. They 
also indicate that the majority of errors in treatment 4 are 
independent errors, whereas treatment 1, 2 and 3 exhibit a 
majority proportion of dependent errors. It shows that sub-
jects in treatment 1 have the highest mental workload, 
whereas subjects in treatment 4 have the lowest mental 
workload. It also shows that treatment 2, 3, and 4 have a 
shorter completion time then treatment 1. 
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Treatment            1            2            3            4_______ 
Completion time   14.4       11.4       11.1       10.9 
(minutes) 
Total Error            9.4         8.4         9.5         1.6 
Dependent Error  7.2         6.2         7.1         0.2 
Independent Err.  2.2         2.3         2.4         1.4 
NASA TLX           13.3/20  12.2/20  11.0/20  10.0/20 
 
3.1   Effect of Medium on Completion Time  

 
A one-way Analysis of Variance (ANOVA) was con-

ducted on the effect of medium on completion time. The 
effect of completion time depending on medium is statisti-
cally significant, F(3, 71) = 3.75, p =. 015. Post-hoc com-
parisons further show that there are statistically significant 
effects between treatment 1 and 4 (p = .020).  The effects 
between treatment 1 and 2 and treatment 1 and 3 trend 
toward significance (p = .090). But there is no significant 
effect between treatment 2 and 3 (p = 1.000), treatment 2 
and 4 (p = 1.000), and treatment 3 and 4 (p = 1.000). The 
results of the ANOVA analyses show that treatment 2, 3 
and 4 have a significant shorter completion time compar-
ing with treatment condition 1, but there is no statistically 
significant effect between treatment 2, 3 and 4. Therefore, 
hypothesis H1 is not supported. 

  
3.2   Effect of Medium on Accuracy 
 

Effect of Total Error. A one-way ANOVA was con-
ducted on the effect of medium on total error. The effect is 
statistically significant, F(3, 71) = 4.41, p = .007. Post-hoc 
comparisons further show that there are statistical signifi-
cant effects between treatment 1 and 4 (p = .019) and 
treatment 3 and 4 (p = .012). The effect between treatment 
2 and 4 trends toward significance (p = .073). But there is 
no significant effect between treatment 1 and 2 (p = 
1.000), treatment 1 and 3 (p = 1.000), and treatment 2 and 
3 (p = 1.000). The results of the ANOVA analyses show 
that treatment 4 has significantly fewer total errors com-
paring with treatment 1, 2 and 3. However, there is no sta-
tistically significant effect between treatment 1, 2 and 3. 

Effect of Dependent Error. A one-way ANOVA was 
conducted on the effect of medium on dependent error. 
The effect is not statistically significant, F(3, 71) = 4.68, p 
= .005. Post-hoc comparisons further show that there are 
statistical significant effects between treatment 1 and 4 (p 
= .017) and treatments 3 and 4 (p = .009).  The effect be-
tween treatment 2 and 4 trends toward significance (p 
= .070). But there is no significant effect between treat-
ment 1 and 2 (p = 1.000), treatment 1 and 3 (p = 1.000), 
and treatment 2 and 3 (p = 1.000). The results of the 
ANOVA analyses show that treatment 4 has significantly 
fewer dependent errors comparing with treatment 1, 2 and 
3. However, there is no statistically significant effect be-
tween treatment 1, 2 and 3. 

Effect of Independent Error.  A one-way ANOVA 
was conducted on the effect of instructional medium on 

independent error. The effect of independent error de-
pending on treatments is not statistically significant, F(3, 
71) = .967, p = .413. 

Subjects in treatment 4 had a significantly higher accu-
racy and hypothesis H2 is supported. The number of de-
pendent errors in treatment 4 was much lower than the 
other 3 treatments. This may be due to the fact that spa-
tially overlaid medium eliminates some dependency 
among procedural steps. It was observed that the rate of 
subjects correcting mistakes made in previous steps in 
treatment 4 was much lower than other 3 treatments. This 
observation is coherent with a phenomenon called atten-
tion tunneling: attention is focused on the area cued at the 
cost of other areas. Yeh, et al. reported that “cueing aided 
the target detection task for expected targets but drew at-
tention away from the presence of unexpected targets in 
the environment” [2]. Attention tunneling can reduce user 
performance and generate hazardous scenarios. Yeh et al. 
recommended designer of such cueing systems more care-
fully evaluate operator reliance on automation. 

 
3.3   Effect of Medium on Mental Workload 

 
A one-way ANOVA was conducted on the effect of 

medium on the NASA TLX rating of mental workload. 
The effect was statistically significant, F(3, 71) = 6.26, p 
= .001. Therefore, hypothesis H3 is supported. 

Determining position and orientation from pictorial 
diagram drawn from the author’s perspective is a primi-
tively hard task. Human beings tend to approximate posi-
tion and orientation using fixations and landmarks already 
in place. By spatially overlaying instructions, AR reduces 
the cognitive workload to determine position and orienta-
tion at the workspace from the instructional media. 

 
4.    Conclusions 
 

The results of this study support that the feature of 
overlaying and registering information on the workspace 
in a spatially meaningful way in AR improves human per-
formance and relieves some of the user mental workload. 
However, the limitations in the current display and track-
ing technologies are the biggest obstacles preventing AR 
from being realistic in practical uses.  A full length article 
about this study is available at “http://io.midlab.msu.edu/
ARAssembly.pdf”. 
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