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ABSTRACT

Augmented Reality (AR) systems have been shown to positively affect mental workload and task performance
across a broad range of application contexts. Despite the interest in mental workload and the increasing number
of studies evaluating AR use, an attempt has yet to be made to identify the relationship between the effects of AR
on mental workload and task performance. This paper seeks to address this gap in AR technology literature. With
a better understanding how AR affects mental workload and task performance, researchers and developers can
design more effective AR systems. 34 articles investigating the effects of the use of AR systems were selected for
the review. A positive correlation was found between effects on mental workload and effects on task performance:
if the effect on mental workload is positive, then the effects on task performance are more likely to be positive as
well, and vice versa. Effectiveness of AR systems were shown to be influenced by the type of AR display device
used, relevance and timeliness of content, information presentation, user characteristics and task characteristics.
Additionally, the paper addresses the use of the concept of mental workload and limitations in current literature.

1. Introduction

Augmented reality (AR) is an emergent technology that allows for
the augmentation of interactive digital information upon the real-world.
This ability to convey spatially and temporally meaningful informa-
tion in real-time makes AR technology a promising “option to support
knowledge-intensive works” [1]. AR applications have been adopted in
various application domains such as education [2, 3], medicine [4],
manual assembly and manufacturing [5, 6], online retail [7], mainte-
nance [6, 8, 9], and in-vehicle map navigation [10, 11]. By using AR to
provide visual guidance and task-relevant information where and when
needed, cognitive workload could be reduced, users would be subjected
to lower cognitive demands and thus improve task performance. Indeed,
some studies reported positive effects of AR use on both mental work-
load and task performance [12, 13]. However, there are also studies
that reported positive effects on mental workload yet negative effects
on task performance [8, 14]. Whereas some studies reported insignif-
icant differences in task performance and even increases in cognitive
workload when using AR [1, 10].

Despite the growing number of research on AR technology use and
its numerous reported effects on user’s mental workload and task per-
formance, little effort has been conducted to consolidate these studies in
an attempt to understand the correlation, if any, between the effects of
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AR use on mental workload and effects on task performance. Does a re-
duction in mental workload result in an increase in task performance?
Are the effects on task performance resultant of the effect on mental
workload? Furthermore, the concept of mental workload is a longstand-
ing grey area. There is no single accepted definition of the concept and
there exists many variations of what constitutes mental workload [15,
16, 17, 18]. Despite the heterogenous nature of the concept, it remains
an important type of measurement for evaluating the usability of tech-
nologies across many application areas. How is the concept of mental
workload adopted in AR literature? How is mental workload measured?
This paper seeks to address this gap in AR literature concerning mental
workload and task performance by answering the following questions:

1. How are mental workload and task performance measured in stud-
ies evaluating the use of an AR system?

2. What are the effects of AR use on mental workload and task per-
formance?

3. Is there a relationship between the effects on mental workload and
the effects on task performance?

4. How does AR affect mental workload and task performance?
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By addressing these questions through a review of past relevant stud-
ies, the paper contributes to the current knowledge by understanding
how AR systems influence human cognition. In doing so, researchers
and developers can design more effective AR systems. This paper is
organized as follows. We begin with defining the concepts of Aug-
mented Reality and Mental Workload in Section 2. The literature review
methodology is described in Section 3, followed by the results and dis-
cussions in Section 4. The paper is concluded in Section 5.

2. Background
2.1. Augmented reality

Augmented Reality (AR) allows for the augmentation of virtual in-
formation upon the real-world in real-time [19]. It is one of the ways
in which virtual and real environments can be combined, based on the
Mixed Reality Continuum introduced by Milgram and Kishino [20]. In
contrast to Virtual Reality (VR), which immerses the user in a com-
pletely new virtual environment, AR aims to supplement the user’s
current reality by augmenting virtual content on top of the physical
environment. Azuma [19] has outlined the three main features that de-
fine AR technologies:

* Registered in 3D
+ Interactive
» Displayed in real-time

The potential of AR as an assistive technology is largely attributed to
its ability to present relevant information where and when needed [1].
AR technologies have mostly been applied to support visual perception
by presenting information in the forms of spatially-registered textual an-
notations, sound and 3D objects and animations. However, researchers
have begun to expand this range by augmenting olfactory and gusta-
tory senses as well [21]. AR is being increasingly adopted across a wide
range of application domains due to its numerous reported benefits on
mental workload and task performance [2, 3, 6, 22, 23, 24, 25].

The reduction of mental workload is seen as an important endeavour
in the modern workspace as increasing amounts of information, high
task complexities and the increasing need to deliver services quickly
and accurately burdens human operators with excessive mental load
[13, 26, 27, 28]. A worker under high mental and physical duress can
negatively impact work performance, which may result in expensive
losses for the company or business. The reduction of mental workload
can be seen as an important factor in assessing the effectiveness of AR
interventions as compared to traditional means, as it serves as a solu-
tion to improve effectiveness and efficiency rather than increase mental
burden to the user.

Throughout literature, AR has generally been shown to reduce men-
tal workload and improve various metrics of task performance such
as task completion time, error rate and task accuracy. However, some
studies reported that the use of AR can introduce new challenges to the
user which may otherwise compromise its reported benefits. Ergonomic
and usability issues such as discomfort over long-term usage, reduced
field of view (FOV), tracking and lagging issues, have all been reported
to contribute to negative effects on mental workload and task perfor-
mance [1, 14, 29, 30]. This paper seeks to get the big picture of how
the use of AR systems affect mental workload and task performance.
In doing so, we aim to understand the trend in the effectiveness of AR
systems as an assistive tool.

2.2. Mental workload and cognitive workload
2.2.1. Mental workload

Mental workload is a complex, multidimensional and versatile con-
struct with no single accepted definition [15, 31]. However, the general
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consensus surrounding the concept is that it is very much “a func-
tion of the supply and demand of limited human cognitive resources
when performing a task” - the cognitive “cost of accomplishing task
requirements” [17, 18]. The notion of “what is mental workload” has
been broached upon by many researchers over a span of two decades;
however there has yet to exist a single encompassing definition of the
concept due to its multidimensional and complex nature.
Mental workload has been described as:

“..the demand imposed by tasks on the human’s limited mental
resources, whether considered as single or multiple.” Moray [32]
as cited in Wickens [33].

“...an intervening variable, similar to attention, that modulates or
indexes the tuning between the demands of the environment and
the capabilities of the organism.” Kantowitz [31]

“....an interaction between the demands of the task and the perfor-
mance of the operator.” Cain [34] as cited in Byrne [16]

“...a function of the supply and demand of attentional or process-
ing resources” Tsang and Vidulich [18] as cited in Hertzum and
Holmegaard [15]

“... the interaction between the structure of systems and tasks on
the one hand, and the capabilities, motivation, and state of the
human operator on the other.” Kramer [35] as cited in Hertzum
and Holmegaard [15]

“...the relation between the function relating the mental resources
demanded by a task and those resources available to be supplied
by the human operator.” Parasuraman et al. [36]

The concept of mental workload has been a subject of interest since
the 1980s [17, 31, 32]. As put forth by Kantowitz [31], a primary mo-
tivation to understand and measure mental workload is to be able to
predict “how much mental workload is associated with some particu-
lar job demand” so employers and designers can know how to “create
safe and reasonable levels of mental workload on the job”. As task dif-
ficulty (workload) increases: performance usually decreases; response
times and errors increase [31]. It is important to maintain safe levels
of mental workload in the working environment as the “human cost
(e.g., fatigue, stress, illness and accidents) of maintaining performance
is unacceptably high” [15, 37].

Workload measurement can also be used to choose between system
designs when performance measures are less distinct, allowing design-
ers to optimize system design and performance [37], [38] as cited in
[34]. In this regard, workload is considered an important factor in as-
sessing a system’s usability and are “now commonly used in industries
to identify sources of error and to improve performance” [16].

However, exactly what factors constitute the construct that is men-
tal workload remains an area that requires extensive research. As Cain
[34] puts it, “the science is not completely static, particularly in the psy-
chophysiological domain.” “The many definitions that exist in the psy-
chological literature are a testament to the complexity of the construct
as are the growing number of causes, consequences and symptoms that
have been identified” [37]. Mental workload is made up of combina-
tion of interrelating facets (or dimensions) such as feelings, experience,
effort, task workload, working environment, individual differences, and
other human factors [17, 31].

The concept of mental workload is primarily built upon the assump-
tion of limited human cognitive capabilities, whereby workload is the
“cost of accomplishing mission requirements for the human operator”
[37]. The concept of mental workload has been attempted to be ex-
plained through various theories, models, and frameworks of human
cognition, such as the model of attention. Modern measurements of
mental workload were developed primarily based on these models and
theories. Due to this, different types of techniques were introduced to
measure mental workload.

Kantowitz [31] built his theory of mental workload upon the model
of attention and the construct of spare capacity. He proposed that hu-
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Fig. 1. The Kantowitz-Knight hybrid model of attention and time sharing,
whereby a limited capacity source feeds both stage S3 and a static capac-
ity allocator (SCA) which partitions capacity between stages S1 and S2 (from
Kantowitz & Knight [40]. Reprinted from Acta Psychologica, 40, Barry H. Kan-
towitz, James L. Knight, Test tapping timesharing, II: Auditory secondary task,
Pages No. 359, Copyright (1976), with permission from Elsevier.

mans have a single pool of capacity, arguing that it is more suitable
in achieving the “practical goal of measuring mental workload” than
a multiple-pools model (Fig. 1). He stated that “the construct of spare
capacity, derived from models of attention, is the most important com-
ponent of mental workload” [31].

He proposed the use of secondary tasks to “obtain direct estimates
of spare capacity, and hence mental workload”. The secondary-task
paradigm requires for “an additional task to be performed in parallel
with the primary task of interest [39] as in Kantowitz [31]. “Decrements
in secondary-task performance are interpreted as indicating increased
mental workload associated with increases in primary task demands”
[31].

However, Kantowitz [31] acknowledged that due to the multi-
dimensional nature of mental workload, measuring “spare capacity”
alone is insufficient. It is recommended to use multiple measures to tap
into the different dimensions of mental workload, such as psychophys-
iological measures and subjective ratings. This sentiment is echoed by
modern practitioners, maintaining the advice that the simultaneous ap-
plication of multiple measures provides “better diagnosticity” [11, 15,
18].

The multiple resource theory is another approach to understand
the cause and effect of task demands on limited mental resources, by
also implementing a secondary-task (or dual-task) paradigm. Assum-
ing that human’s limited resources can be shared across multiple tasks,
the amount of effort expended on a primary task can be predicted by
observing the decrements or increments in performance on a secondary-
task (with both tasks being performed in parallel) [11, 33].

Wickens [33] distinguished between the concepts of multiple re-
source theory and mental workload, expressing that mental workload
relates more strongly to the component of demand in the multiple re-
source model architecture, whereby demand is the “demand imposed
by tasks on the human’s limited mental resources”. Wickens suggested
that the multiple resource model only becomes relevant to mental work-
load by predicting how much performance will fail when overload is
imposed by multiple tasks.

The NASA Task Load Index (NASA-TLX) is a multi-dimensional rat-
ing scale that estimates overall subjective or perceived (mental) work-
load based on the subjective evaluation of six workload-related factors:
mental demand, physical demand, temporal demand, performance, ef-
fort and frustration level [17, 37, 41]. Hart and Staveland [17] devel-
oped the NASA-TLX based on their conceptual framework of variables
that influence human performance and workload, assuming that “work-
load is a hypothetical construct that represents the cost incurred by a
human operator to achieve a particular level of performance”. They pro-
posed that mental workload “emerges from the interaction between the
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requirements of a task, the circumstances under which it is performed,
and the skills, behaviours, and perceptions of the operator” [17].

Apart from the NASA-TLX and the dual-task paradigm, other tools
for measuring mental workload include the SWAT workload, “Cooper
Harper” workload, “Subjective Workload Dominance” and “Bedford
workload” [41]. Grier [41] reported that the NASA-TLX is the “most
cited survey-based workload measure”, and has been proven to be more
pragmatic, less sensitive to individual differences and more sensitive to
workload differences as compared to other measures. The reliability
and validity of the NASA-TLX as a measurement of mental workload
has been proven over its vast and extensive use in various research ar-
eas and application domains over the past two decades [37, 41].

2.2.2. Cognitive workload

Cognitive load (or workload) is the amount of mental effort being
utilized in working memory at any given time; it is commonly associ-
ated with the Cognitive Load Theory (CLT), which is “concerned with
the manner in which cognitive resources are focused and used during
learning and problem solving”. Depending on the task’s level of diffi-
culty, the profile of the learner and the instructional design, any task
completion or learning process is prone to excessive cognitive load. It
proposes that there are three types of cognitive load: intrinsic, extrane-
ous and germane [42]. Intrinsic load is imposed by the task or problem
at hand (the intrinsic difficulty of the task); extraneous cognitive load is
imposed by how the information is presented (i.e. instructional format)
or the effort required to process instruction; and germane cognitive load
is the effort to construct schemas or generate knowledge [42, 43].

The CLT emphasizes that humans have a limited working memory
capacity: “a high mental load would require the allocation of mental
resources to elaborate information” rather than to solve the problem
at hand [43]. The addition of intrinsic and extraneous cognitive loads
would result in fewer cognitive resources left in working memory to
generate schemas or for knowledge construction. Thus, in the design of
learning and training environments, it is important to design technolo-
gies that reduce cognitive load associated with non-friendly interfaces
to free up more cognitive resources devoted to schema construction
[44].

In summary, as is the case with the multiple resource theory and
mental workload [33], the concepts of mental workload and cognitive
workload “overlap but are distinct”. The concept of mental workload is
built upon the theory of limited cognitive capabilities whereas cognitive
workload is built upon the theory of limited working memory capacity.

The primary motivation behind the concept of mental workload and
measuring it is to “quantify the mental cost of performing tasks in or-
der to predict operator and system performance” [34]. The final goal
is to set “standards for the appropriate levels of mental workload in in-
dustry”, so that employers and designers can know how to design and
create a working environment in which the mental workload imposed
does not exceed their capacity and lead to unacceptable levels of per-
formance [15, 18, 31, 34].

The concept of cognitive workload is built upon the theory of lim-
ited working memory capacity and is more focused towards the design
of instructional formats. It suggests that intrinsic and extraneous cog-
nitive loads are additive, and that inappropriately designed learning
formats or instructions can impose a high mental load, reducing cog-
nitive resources dedicated to learning or performing the task [43]. The
end goal is to design training and learning environments or instructions
that does not impose unnecessary amounts of extraneous cognitive load
and free up more cognitive resources for schema construction [44].

This paper is interested to understand the effects of the use of AR
on mental workload, or more specifically, the human operator’s limited
mental resources. Henceforth, this paper adopts Tsang and Vidulich’s
[18] general, simplified definition of the concept: “a function of the
supply and demand of attentional or processing resources” when meet-
ing task demands. This umbrella definition can encompass the various
forms of mental resources: attentional and processing resources, inclu-



N.E.S. Jeffri and D.R. Awang Rambli

Heliyon 7 (2021) e06277

Repeat in relevant
academic
databases

Refinement by
title, abstract and
objective

Keyword search
and filter

Inclusion criteria Exclusion criteria Forward search

¢ Between 2009 - 2020 e IEEExplore, ACM DL,
« "augmented reality",  SpringerLink LNCS,
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technology

¢ Evaluates a proposed
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o Studies on how user
factors affect AR
technology use rather
than the evaluation of
the AR system

Fig. 2. Summary of literature review process.

Table 1. Search strings.

#  Search String
“augmented reality” AND “mental workload”

“augmented reality” AND “mental load”
“augmented reality” AND “cognitive load”
“augmented reality” AND “cognitive workload”

AW N =

sive of working memory, which is the facet of mental workload that the
CLT focuses on. Thus, “mental workload” in this paper refers to both
the concepts of mental workload and cognitive load.

3. Methodology

The review begins by searching for relevant papers that investigate
the effects of the use of AR technology. There are few to no studies
that specifically and exclusively investigate the effects of the use of AR
technology on mental workload. Rather, the effects of AR on mental
workload are more often reported as a part of the results of a study that
evaluates the use of an AR application in a specified use case.

The search strings comprise of combining “augmented reality” with
the following phrases: “mental workload”, “mental load”, “cognitive
workload”, and “cognitive load”. The rationale for using these variants
of the term “mental workload” is because these phrases are used in-
terchangeably in literature. Table 1 lists the combination of phrases
and resulting search terms used. The phrases are enclosed in quotation
marks to ensure that the algorithms return results with the specified
phrase.

The search is repeated in the following academic databases: IEEEx-
plore, ACM Digital Library, SpringerLink’s Lecture Notes in Computer
Science, and Elsevier. The IEEExplore, ACM DL and SpringerLink’s
(LNCS) were selected as they have special focus on computer science
[24]. The Elsevier database was included in the search as it has jour-
nals focused on computer science research as well to help broaden the
search results. To ensure the timeliness and relevance of the results, pa-
pers published between 2009 - 2020 were selected to ensure relevance
and range.

The initial search results are then refined by the title, abstract and
the objective of the study. As a general inclusion criteria, research ar-
ticles evaluating the use of an AR application in performing a task (in
any domain) are included, provided that the paper also reports an anal-
ysis of user’s mental workload when using the AR application. Papers
detailing frameworks, descriptions of architectures, methods, effects of
human factors on AR technology use, requirements and guidelines, pro-
posed applications or systems (which are unevaluated) are excluded.
Finally, a forward search of the selected articles was conducted. Fig. 2
summarizes the literature review process.

Papers whose abstract mention an analysis of mental workload as
part of the results are included for further review. Comparison studies
between different AR displays or technologies on a specified use case
are also included, as long as the paper also reports an analysis on user’s

101 papers were found after the initial
search and screening (based on
relevance of title)

6 duplicates, 2 review papers, and 30
irrelevant studies were excluded

63 articles remained, which focused
on the evaluation of the use of AR in
performing a task

18 studies which did not include an
analysis on mental workload and 7
articles whose discussion were not in-
line with the objective of the review
were excluded.

38 articles were selected for analysis.

Fig. 3. Literature selection flowchart.

mental workload. The rationale for this is that AR factors such as dis-
plays and information presentation could be considered as influencers
of how well an AR system affects mental workload. If a paper whose
objective is in line with the objective of the review but does not men-
tion any reports on mental workload in the title or abstract, it is put
on hold for further analysis in the second phase of review, as some pa-
pers do include measurement and analysis of mental workload but is
not specifically mentioned in the abstract.

Fig. 3 shows the literature selection process in a graphical format.

A total of 38 research articles are selected for review. Table 2 sum-
marizes the number of articles from different sources and categorized
by application domain. To answer the research questions, the following
data are gathered: type of comparison study conducted; subjective and
objective measurements used; the effects of AR on mental workload; the
effects of AR on measures of task performance.

4. Results and discussion

The 38 articles selected conducted different variations of compari-
son studies and were divided into four categories: “Comparison between
conventional/traditional methods and AR intervention”, “Comparison
between AR system elements (interfaces, displays, content)”, “Compar-
ison between AR system elements and conventional/traditional meth-
ods”, and “Comparison between conventional method, AR system in-
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Table 2. Number of articles based on article source and categorized by application domain.

Domain Source Num of articles
Journal  Conference  Symposium

Education 1 0 1 2
Manual Assembly/Manufacturing 6 10 0 16
Automotive Interface/ In-Vehicle Map Navigation 2 2 0 4
Medicine Surgery 3 0 0 3
Robot Programming 0 0 1 1
Maintenance 1 2 0 3
Online Retail 1 0 0 1
Not specified 1 0 1 2
Rehabilitation/Handicapped Aids 1 1 0 2
Construction Layout 2 0 0 2
Logistics 1 0 0 1
Cybersecurity 1 0 1
Total 18 13 3 38

@® Comparison between
conventionalitraditional methods
and AR intervention

@ Comparison between AR system
elements

Comparison between AR system
elements and
conventionalftraditional methods

@ Comparison between conventional
method, AR system intervention
and other interfaces

Fig. 4. Number of articles grouped based on types of comparison studies con-
ducted in selected articles.

tervention and other interfaces”. Fig. 4 shows the frequency of articles
based on type of comparison study.

During data collection, it was found that some articles conducted
more than one study or provided more than one set of results based on
user characteristics or demographics. Whereas some studies provided
“overall” results, other studies only provided separate sets of results. In
the case of an article conducting more than one studies, the results of
the other study/studies were included if relevant. In the case of multiple
results, the “overall” results are selected if provided. However if not
presented, then all results are included for review. This is because the
different sets of results may differ in statistical significance and we have
no method nor justification of selecting a particular set of results over
the other. Based on this, it should be clarified that though 38 articles
were selected for the review, 40 sets of results were analyzed.

Furthermore, the results of studies were explained and discussed
differently between articles. Whereas some articles clearly show when
positive or negative results is statistically significant or insignificant,
others are more vague with a simple description of effects (e.g. “faster
task completion time”, “reduced error rates”) or a declaration of “no
statistical difference”. Statistically significant or insignificant results,
where specified, are classified accordingly under “Significant positive
effect”, “(Insignificant) positive effect”, “(Insignificant) negative effec-
t”, and “Significant” negative effect. When results are mentioned to
be “positive” or “negative” without mentioning of statistical signifi-
cance/insignificance, it is assumed to be statistically insignificant e.g.
“AR improved task completion time”, it is classified under “(Insignif-
icant) positive effect” or “(Insignificant) negative effect”. When the
results are deemed too vague (even after referring to provided data)
or declared to have no statistical difference, it is classified under “No
differences found or mentioned”.

The reason for classifying the effects based on statistical significance
and to differentiate them is for identifying the relationship between

effects on mental workload and effects on task performance. Studies
which are in the “Comparison between AR system elements and con-
ventional/traditional methods” category typically provide different sets
of results. In this case, the most significant result is selected.

Results of studies which compare AR systems against other inter-
faces and studies which compare between AR system elements or factors
(such as FOV, display devices) are shown and discussed differently. This
is due to the diversity of types of displays, information presentation and
other variables used. Table 3 shows a summary of the different types of
comparisons that were studied. Section 4.4.5 summarizes the results of
these studies.

4.1. How are mental workload and task performance measured?

Due to the diversity of application domains and tasks, there are
many different measures of task performance. The most frequently used
objective task measurements are task completion time (TCT) and er-
ror rate(ER). This is also because 14/34 studies are in the “Manual
assembly/Manufacturing” domain, and the most commonly used mea-
surements for manual assembly tasks are TCT and ER. Some articles
in the “Manual assembly/Manufacturing” domain analyse the TCT and
ER of manual assembly subtasks rather than the manual assembly pro-
cedure as a whole. Whilst this may give a deeper insight into how
effectively AR systems assist operators in the different stages of man-
ual assembly, it made it challenging to classify the results. Thus it is
suggested for future studies to provide a general overview of results
alongside with the more specific results for ease of analysis, classifica-
tion, and comparison with other studies.

Other domains with a lower article frequency, such as Education, Lo-
gistics, Online Retail, Medicine & Surgery either have domain-specific
measurements such as “needle navigation precision” [4], “driving per-
formance” [10, 11, 45], “learning gain” [54], occurrences of “punctur-
ing the phantom dura” [4]; or measurements that are not present or
used in other studies (i.e. occurred only once) such as decision time or
success rate. This wide range of what constitutes task performance in
each respective domain is grouped together under “Other measures of
task performance” for ease of analysis. Fig. 5 shows the occurrences of
objective measures across studies.

Similarly, various subjective measures were employed to measure
the effect of AR on mental workload, the most commonly used measure
being the NASA-TLX [41], followed by the NASA-RTLX [37], which is
another version of the former. Some studies employed domain-specific
versions of the NASA-TLX, such as the Surgical Task Load Index (SURG-
TLX) [27] and Driving Activity Load Index (DALI) [10], whereas some
studies adapted the NASA-TLX according to their user group as is done
by Funk et al. [48]. The NASA-TLX is typically employed as a subjec-
tive measure alongside objective measurements of task performance.
Kim and Dey [11] proposed supplementing NASA-TLX, a subjective
post-hoc mental workload measurement, with objective real-time mea-
surements of mental workload as measured by psychophysiological
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Table 3. Summary of comparisons made in studies comparing different AR system elements.

Reference

Type of AR system
element compared

Comparison made

Bolton et al. [45]
Fan et al. [7]
Fischer et al. [27]

Kishishita et al. [46]
Lampen et al. [47]
Kim et al. [30]

Funk et al. [48]
Wang et al. [49]

Kim et al. [50]

Baumeister et al. [29]
Alves et al. [51]

Kim et al. [30]

Funk et al. [52]
Kishishita et al. [46]
Park et al. [53]

Information presentation

Display device used

Field of view (FOV)
Tracking method

Different types visualizations to aid in in-vehicle road navigation: arrows vs. dynamic arrows vs. boxes

Different combinations of high and low levels of simulated physical control (SPC) and environmental embedding (EE)
X-ray augmentation on 2d video vs. 3D surface reconstruction augmented by digital reconstructed radiographs and live tool
visualization

In-view labelling vs. In-situ labelling

3D in-situ projections and instructions vs. Human simulation data

Information mode:

text-based UI vs. graphic-based UL

Information availability:

always on vs. on demand

Different types of projected AR instructions: pictorial vs. video vs. contour-based

Paper manual vs. augmented video instructions on Google Glass vs. augmented annotations using arrows, symbols and icons
on Google Glass

Different configurations of:

- icon position, shape and size and

- text position

for an in-vehicle AR Heads up Display

Gear VR vs. Hololens vs. Projector

Handheld mobile AR vs. Mobile AR using a tripod vs. Spatial AR using Kinect and Projector

Head Worn Display (HMD) type: Binocular (Epson Moverio BT-200) vs. Monocular (Vuzix M100)

Head Mounted Display (HMD) vs. Tablet vs. In-situ (using a projector)

Different sets of horizontal and vertical FOV angle parameters

AR marker-based method vs. Proposed method using deep-learning based object detection

@® Task Completion Time
® ErrorRate

Task Response Time
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Fig. 5. Frequency of objective measures employed across studies.

measures such as electroencephalogram (EEG) readings, electrocardio-
gram (ECG) readings, galvanic skin response (GSR) and eye-tracking
measures. This is so that subjective measures of mental workload can
be correlated with objective real-time measures to understand what is
really happening in real-time.

Measures of cognitive load consist of the Paas mental effort scale
[29, 55]and custom questionnaires [7, 56]. Several studies employed
a dual-task methodology to measure cognitive load, whereby a user
performs a secondary task in tandem with the primary task [29, 46].
“According to the dual-task theory, performance on the secondary task
will deteriorate in response to increasing extraneous load inherent in
the primary task” [29]. Subjective measures which do not fall into
the categories of “NASA-TLX”, “NASA-RLX”, or “Cognitive Load Scale”
are classified into “Others”. Fig. 6 shows the occurrences of subjective
measures across studies. For ease of analysis and discussion, effects on
mental workload and cognitive load are both referred to as “effect on
mental workload”.

4.2. What are the effects of AR use on mental workload and task
performance?

A majority of studies reported positive effects (both significant and
insignificant) of AR use on mental workload and task performance when

©® NASA-TLX

® Cognitive Load Scale
NASA-RTLX

@ Others

Fig. 6. Frequency of subjective measures employed across articles.

compared against conventional methods (Fig. 7). In most instances of
AR system for manual assembly studies, AR is shown to decrease task
completion and time and decrease error rate. In in-vehicle map navi-
gation situations, AR is shown to reduce cognitive load in both young
and elder drivers while improving driving and navigation performance.
The works of Ameri et al. [4] and Fischer et al. [27] show that AR
can help surgeons and clinicians perform safer, more accurate and ef-
ficient procedures by improving visualization, navigation, positioning
and alignment of equipment as well as reduce mental workload. Fan et
al. [7] found that a high level of environmental embedding and simu-
lated physical control resulted in lower cognitive loads and improved
cognitive fluency, which then improved users attitude towards online
products.

In the instances where AR use is reported to increase mental work-
load and negatively impact task performance, it is usually attributed to
the AR device’s usability issues. Deshpande and Kim [1] found that AR
use increased task completion time for simple tasks and increased men-
tal workload and task completion time in more complex tasks. They
reported that users encountered usability issues regarding the AR de-
vice’s interaction, the spatial alignment of the overlaid graphics, and
the effectiveness and efficiency of voice commands.

Deshpande and Kim [1] added that the difficulty of seeing objects in
space through the small FOV may have increased frustration thus NASA-
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Fig. 7. Frequency of effects of AR use on mental workload and measures of task performance as classified by significance.

TLX ratings. Stadler et al. [14] attributed the longer task completion
time with AR to a combination of lag and no spoken time limit. Alves
et al. [51] found that some users encountered perceptual issues when
viewing AR information due to the augmentation’s transparency. The
work of Baumeister et al. [29] shows that one or multiple restrictions
of HMDs can manifest as both a detrimental effect on performance and
additional extraneous cognitive load.

4.3. Is there a relationship between effects on mental workload and task
performance?

The use of AR has been shown to positively impact mental workload
and task performance across application domains. However, it is un-
clear whether an effect on mental workload would cause the effect on
task performance. Fig. 7 only shows the number of occurrences of pos-
itive, negative or absence of effects of AR use on mental workload and
task performance. It is insufficient to derive from this the relationship
between mental workload and task performance, if any. We are inter-
ested to find whether a positive effect on mental workload would result
in positive effects on task performance. To achieve this, we attempted to
map the effects on task performance against effects on mental workload.
To do this, significant positive effect, (insignificant) positive effect, no
difference found or mentioned, (insignificant) negative effect and signif-
icant negative effect were each assigned a numerical value of 2, 1, 0, -1,
-2 respectively. With mental workload being the independent variable
(x-axis), and task completion time, error rate, response time and other
measures of task performance being the dependent variables (y-axis).

Fig. 8 shows the relationship between effects on mental workload
and task completion time, error rate, response time and other mea-
sures of task performance in individual scatter graphs. Fig. 9 presents
a wholistic view of the relationship between effect on mental workload
and task completion time, error rate, response time and other measures
of task performance. The trendlines for task completion time, error rate,
response time and other measures of task performance show a posi-
tive correlation. Most of the points are scattered in the upper right
side of the graphs, indicating that most studies which reported posi-
tive effects on mental workload also reported positive effects on task
performance. Based on this, it can be derived that there is a positive
linear relationship between effects on mental workload and effects on
task performance: if the effects on mental workload are positive, the
effects on task performance are likely to be positive as well. A draw-
back of presenting the data in this method is that it fails to show the
frequency of same effects. For example, 6 studies found significant pos-
itive effects on both mental workload and task performance [9, 12, 13,
27, 30, 57]. However, this is not reflected in the graph.

Additionally, it is important to consider the outliers in the data.
As shown in Fig. 8a and Fig. 8b, though few, a positive effect or no
effect on mental workload can have negative effects on task perfor-
mance measures. Stadler et al. [14] observed that though the use of
AR decreased cognitive load, users sacrificed task completion time for
accuracy. It is also important to note that though some studies found
no statistically significant difference in overall NASA-TLX ratings, sig-
nificant differences were found in individual subscales. As in the case
of Kretschmer et al. [26], though total mental workload score did not
reveal any significant differences, analyses of TLX subdimensions indi-
cated significant mean difference between palletising with a paper list
and AR glasses. Palletising with paper list was found to be significantly
more mentally and temporally demanding than with AR glasses. The
notion that an analyses of TLX subdimension scales can reveal signifi-
cant differences is also supported by the works of Kim et al. [30], Dixon
et al. [58], and Kyong-Ho and Kwang-Yun [10], whereby the use of AR
was shown to significantly affect individual subscales. More often than
not, AR is shown to influence mental and temporal demand more than
other subscales.

To summarise, there is a positive correlation between effects on
mental workload and effects on task performance: when there are pos-
itive effects on mental workload, effects on task performance are most
likely to be positive as well. However, it would be assumptions to say
that effects on task performance are the resultant of effects on mental
workload. Rather, the benefits on task performance may be the resul-
tant of the effects of AR use on cognitive resources, as in, the freeing
up of mental resources such as working memory [7, 14, 59]. This may
not necessarily translate into an overall lower workload rating, but as a
lower rating of the mental demand subscale or lower extraneous cogni-
tive load. By freeing up more resources, operators can direct them into
other efforts that is, performing the task, which then translates into im-
proved performance [8]. As is suggested by the CLT: when extraneous
load is decreased, more cognitive resources can be focused on genera-
tion of schemas, problem-solving, or in this case, performing the task.
This notion is further discussed in Section 4.4.

4.4. How does AR affect mental workload?

AR is shown to have a positive effect on mental workload by re-
ducing it, whether the difference is significant or otherwise. Based on
findings from the review of the selected studies, generally, AR can re-
duce mental workload by facilitating the perception of instruction. AR’s
primary capability to augment relevant virtual information upon the
real world enhances perception and understanding of information in in-
stances where the operator would have to refer to secondary sources
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of information, such as a secondary display or paper-based instructions
[8, 12]. The extent of the effectiveness of AR systems in reducing men-
tal workload and enhancing task performance is also affected by: type
of AR device used [29], relevance of content, AR presentation [30, 45],
user characteristics, task characteristics, and environmental character-
istics.

4.4.1. AR’s inherent characteristics facilitates the perception of instruction
AR’s effect on reducing mental workload is largely attributable to
its core feature of augmenting relevant information upon the physical
world in real-time. When compared to conventional methods that de-
tracts a user’s or an operator’s attention from the primary task, such as
the use of a secondary display or paper-based instructions [59], AR
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proves to be more effective because the augmenting of information
upon the real world negates the need to switch between performing
the task and searching for information to perform the task [14]. The AR
device shows relevant task information directly onto the workspace,
mitigating mental activities concerning interpretation and mapping of
instructions to the AR device [59]. Simply put, AR facilitates the percep-
tion and understanding of contextual information by literally placing
the information in the context.

With the support of AR, mental activities related to the searching
and interpretation of information needed to perform a task is mitigated,
and the only effort required is related to the actual execution of the task
[59]. Users or operators would not need to perform typical actions or
steps which would otherwise incur more physical and/or mental ef-
fort, such as taking measurements, marking positions [12], contextual
switching [11], searching for information [8], remembering informa-
tion [14], confirming instructions [60] and such. This offloading of
mental effort is suggested to relieve time demanding mental activities
and result in lower mental and temporal demands, contributing to an
overall lower NASA-TLX rating [59].

This is in line with the Cognitive Load Theory, whereby presenting
information in context is suggested to reduce extraneous load, reducing
the effort required to understand the information in context and facil-
itate the generation of schemas or the execution of the task at hand.
Divided attention has been identified to induce more mental load, as
users or operators need to spend more cognitive resources to switch
between contexts [11]. This is supported by the results of the work of
Thees et al. [54], whereby AR was found to reduce extraneous cognitive
load in a learning setting.

Furthermore, AR applications which present 3D instructions in the
form of 3D models and animations facilitate spatial cognition and men-
tal representation. Indeed, the work of Dan and Reiner [44] shows that
the cognitive load of processing 3D information is lower than that of
2D. In the contexts of online shopping [7], mental rotation training [56]
and manual assembly [1], presenting instructions in 3D format makes it
easier to understand 3D information as it reduces the amount of mental
effort that would typically be required to translate a 2D image into a 3D
one [56]. By removing the need to imagine or visualize how an object is
supposed to look like in 3D, AR reduces the consumption of user’s cog-
nitive resources by off-loading the mental task of visualization to the
AR application [7].

Comparison studies between AR system elements (or factors) show
that certain aspects of AR influence the degree of its effectiveness more
so than other factors. For instance, Kim et al. [30] found that job per-
formance, workload and usability were more affected by UI design than
HWD type. Several other factors were shown to influence how effec-
tively AR affects mental workload and task performance, namely: type
of AR display device used, relevance and timeliness of content, infor-
mation presentation, user characteristics and task characteristics.

4.4.2. Type of AR display device used

The type of AR display device used influences, to a degree, the us-
ability of AR systems. Some types of AR devices are more effective than
others. For instance, studies investigating and comparing Spatial AR
(SAR) against conventional methods and other types of AR (such as
Head Mounted Displays (HMD)/Head Worn Displays (HWD) or mobile
AR) have consistently shown that SAR leads to better mental workload
ratings and task performance [13, 29, 51, 52, 61, 62]. Not only does
SAR free up both hands and allow for a greater degree of freedom and
movement, it is also not restricted to a limited Field of View (FOV) [29,
51]. Though the use of AR HMD or HWD are popular in AR studies, they
are commonly reported to have usability issues stemming from limited
FOV and discomfort over prolonged use, all of which may negatively
influence workload [1, 12, 47]. However, Kishishita et al. [46] found
that a wider FOV does not necessarily lead to better performance (in
search tasks) and that performance is more impacted by how informa-
tion is presented rather than FOV. Furthermore, mobile AR devices and
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HMDs/HWDs are prone to lagging and technical issues such as loss of
tracking, all of which can negatively affect both mental workload and
task performance.

To summarize:

« Spatial AR outperforms other types of AR displays (Mobile AR,
HMD/HWD) in terms of mental workload and task performance

+ The effects of FOV on mental workload, task performance and us-
ability needs to be further investigated

4.4.3. Task characteristics

The effectiveness of AR presentations is influenced by the type of
task. Deshpande and Kim [1] found that using AR in a low-complexity
assembly task is slower compared to paper instructions. On a similar
note, when the task complexity is too low, using an AR system may pro-
duce insignificant differences when compared to conventional methods
or other approaches [60, 61]. Participants may make few errors and
thus produce insignificant results or insufficient results for any statisti-
cal analysis to be made [26, 59]. Alves et al. [51] suggested that “AR
methods could be more beneficial when applied to more complex tasks”.

To summarize, in low task complexity situations, using AR may in-
crease mental workload rather than decrease it. A low task complexity
may also make it more challenging to obtain statistically significant re-
sults. The design of experiments must be designed so much so that the
level of complexity is able to produce a statistically significant or mea-
surable number of errors.

4.4.4. Relevance and timeliness of AR content

The effectiveness of an AR system is also influenced by the relevance
of its content. In comparing between a multi-view system and a multi-
view system with virtual information in a tele-operated crane task, Chi
et al. [60] found that there was no significant difference in perfor-
mance, which was attributed to low task complexity and lack of critical
task-related information. Critical task-related information is deemed to
be more beneficial to the user to solve problems than global informa-
tion which could be deciphered from the environment [60]. Though an
information may be relevant, it may not be critical. As such system de-
signers should carefully aim at understanding what type of information
the user needs to solve the problem to design an effective system.

4.4.5. AR presentation

The degree of effectiveness of AR systems on mental workload is
largely influenced by AR presentation. AR presentation denotes how
the virtual information is presented in the real world and comprises of
several aspects which were identified from the studies such as: the type
of annotation used [29, 45, 46, 47], modalities used [30], information
availability [30] and information representation [48].

For an in-vehicle map navigation system, Bolton et al. [45] com-
pared between four types of road navigation information presentations
(Fig. 10): conventional fixed arrows display and three variations of AR
presentations: dynamically changing arrows augmented on the road,
landmarks highlighted with arrows and landmarks highlighted in boxes.
The conventional approach was observed to be the most mentally de-
manding out of all four presentation alternatives. However, the AR pre-
sentations were not that different from each other in terms of NASA-TLX
scores. Though insignificant, the NASA-TLX scores for landmark-based
presentations were relatively low, suggesting that this style of presen-
tation is likely to impose less workload and allow drivers to maintain
attention on the primary driving task.

Fan et al. [7] experimented with high and low levels of simulated
physical control (SPC) and environmental embedding (EE) and found
that a high level of SPC and EE resulted in significant positive effects
on cognitive load and cognitive fluency, which in turn increases a cus-
tomer’s attitude towards a product (Fig. 11). Fischer et al. [27] found
that 3D surface reconstruction augmented by digitally reconstructed ra-
diographs and live tool visualization resulted in a significantly lower
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Fig. 10. Different types visualizations for an in-vehicle AR-HUD as investigated
by Bolton et al. [45]. (Republished with permission of ACM (Association for
Computing Machinery), from An investigation of augmented reality presenta-
tions of landmark-based navigation using a head-up display, Large, David R;
Burnett, Gary; Bolton, Adam, 2015; permission conveyed through Copyright
Clearance Center, Inc.)

task duration compared to conventional x-ray imaging in a simulated
k-wire placement task. It also had better SURG-TLX ratings than x-ray
augmentation on 2D video, suggesting that placement of the k-wire is
best supported with a multi-view 3D visualization.

Kishishita et al. [46] investigated the effects of FOV on mental work-
load and search performance tasks. In their study, they employed two
types of annotations: in-view labelling (Fig. 12a and in-situ labelling
(Fig. 12b). Their results did not show any effects of FOV on mental
workload and search performance; a wider FOV did not necessarily lead
to better search performance. Rather, search performance was affected
by annotation type. With in-view labelling, discovery rate dropped as
FOV increased; with in-situ labelling, discovery rate rose as FOV in-
creased. They suggested that “it is likely more important to consider
method of annotation than FOV for search related tasks”. This is sup-
ported by the work of Kim et al. [30], where they concluded that
usability is more affected by information presentation rather than HMD
type: “always-on” graphic-based UI was shown to significantly reduce
overall NASA-TLX scores, task completion time and number of errors
than conventional paper pick list method as compared to text-based UI
or UI that is shown “on-demand”.

Lampen et al. [47] found that human simulation data with AR
induced the least amount of cognitive load, followed by 3D in-situ in-
structions and pictorial instructions with significant differences between
the three approaches. However, the reduction in task completion time
and number of errors were insignificant when using the human simu-
lation data with AR. Funk et al. [48] compared between three types
of projected AR instructions: pictorial instructions (Fig. 13a), video
instructions and contour instructions (Fig. 13b). Contour instructions
were found to significantly reduce mental demand compared to no
visualizations and had the best NASA-TLX ratings compared to other
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visualizations. Though the difference between the other visualization
approaches were insignificant, contour visualizations were also per-
ceived as the easiest. Similarly, Wang et al. [49] compared the use of
AR annotations and video instructions using Google Glass and found
that the latter induced the highest amount of mental load, number of
errors as well as the longest task completion time.

In another study, Funk et al. [52] found that in-situ projections in-
duced the least amount of cognitive load in an assembly task compared
to mobile AR (using a tablet) and HMD-based AR. They found a signif-
icant difference between in-situ projections and HMD, whereby HMD
induced a higher cognitive load. Additionally, holding a tablet during
assembly tasks was found to interfere with user’s movements when as-
sembling with both hands.

To summarize:

Information presentation has a larger degree of influence than
HMD (and thus FOV)

Different information representations induce different amounts of
cognitive load

3D presentations outperform 2D presentations

Graphic-based Ul is better than text-based Ul

Video instructions may not be suitable as a type of AR visualization
Information that is always available is more effective than that ap-
pears on demand

4.4.6. User characteristics

The effects of AR on mental workload and task performance also
depend on user characteristics. The effects of AR on mental workload
differ between individuals depending on characteristics such as age de-
mographics [11], level of expertise in the domain [8, 12, 14, 60, 63]
and level of familiarity with AR technology [14].

Funk et al. [63] studied the effects of in-situ instructions between
expert and untrained workers in an assembly workplace over three
working days. They found that expert workers were significantly slower
using AR. Untrained workers made more errors and took a longer
amount of time using the in-situ instructions during the learning phase.
However, they were observed to “assemble the product significantly
faster and without making any error” after three days of using it.

Loizeau et al. [8] analysed the effects on mental workload and task
performance between three categories of domain expertise: beginner,
intermediate and expert. They found that the impact of AR on inter-
mediate user profiles is greater than beginners. They suggested that
this could be because beginners need more time to process information
whereas intermediate users are already familiar with the maintenance
process and can take full advantage of AR information. Though be-
ginners gave a higher rating for the AR intervention compared to the
conventional method, it was lower than those given by intermediate
and expert users. Loizeau et al. [8] explained that this could be because
beginners are less at ease with the maintenance process.

In comparing the results of AR support for robot programming be-
tween novice and expert robot programmers, Stadler et al. [14] discov-
ered that AR support has a beneficial impact on the workload ratings
of expert robot programmers only. They suggested that this could be
due to the expertise-reversal effect, whereby “instructional techniques
that are highly effective with inexperienced learners can lose their ef-
fectiveness and even have negative consequences when used with more
experienced learners”. They proposed that the presentation of the task-
based information were more effective for robot programming experts.
They also found that users who have had first-hand experience with AR
(used AR at least once) had a longer task completion time using AR
than without, even though they experienced significantly lower mental
workload. They assumed that this could be because “users with first-
hand AR experience were motivated to explore the capabilities” of their
setup.

In a tele-operated crane operation task, Chi et al. [60] found that
expert users using AR UI completed faster than novice users as their op-
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Fig. 11. Different visualizations as a result of the combination of high/low SPC and high/low EE as investigated by Fan et al. [7]. Reprinted from Journal of Retailing
and Consumer Services, 53, Xiaojun Fan, Zeli Chai, Niangi Deng, Xuebing Dong, Adoption of augmented reality in online retailing and consumers’ product attitude:
A cognitive perspective, Pages No. 8, Copyright (2020), with permission from Elsevier.
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Fig. 12. “Schematic views of labelling techniques” as investigated by Kishishita
et al. [46]. © 2014 IEEE. Reprinted, with permission, from IEEE Proceedings,
Analysing the effects of a wide field of view augmented reality display on search
performance in divided attention tasks, Naohiro Kishishita, 2014.

(a) Pictorial instruction

(b) Contour visualization

Fig. 13. Examples of pictorial and contour visualizations as investigated by
Funk et al. [48]. Markus Funk, Andreas Bichler, Liane Bichler, Oliver Korn,
Christoph Krieger, Thomas Heidenreich, and Albrecht Schmidt. 2015. Compar-
ing projected in-situ feedback at the manual assembly workplace with impaired
workers. In Proceedings of the 8th ACM International Conference on PErva-
sive Technologies Related to Assistive Environments (PETRA ’15). Association
for Computing Machinery, New York, NY, USA, Article 1, 1-8. Fig.3a and 3f.
DOI:https://doi.org/10.1145/2769493.2769496.

erating style was quicker and more efficient. Chalhoub and Ayer [12]
discovered that though AR led to significantly better performance across
all six subcategories for expert (more than 10 years experience), inter-
mediate (6 to 10 years experience), novice (1 to 5 years experience)
and beginner (less than 1 year experience) users, experts performed
significantly slower than other user categories. Chalhoub and Ayer [12]
suggested that this is because practitioners are more familiar with paper
instructions and have a harder time using the new technology. Even so,
it is interesting to note that regardless of level of expertise, users were
significantly faster when using AR.

Kim and Dey [11] found that the benefits of lower cognitive load
manifested in different positive effects on in-vehicle navigation and
driving task performance in younger and elder adults. For elder adults,
AR improved the awareness of information related to in-situ decision
making (situational awareness). Elder drivers were able to take advan-
tage of the benefit of the route guidance aids while encountering driving
and navigation difficulties when using AR. Whereas for younger adults,
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reduced workloads in attention improved awareness of upcoming road
networks (global awareness). However, Kim and Dey [11] observed that
using the AR system reduced younger adult’s perceptual capability in
responding to in-situ events such as overhead traffic signals.

To summarize:

Reduction in mental workload can manifest in different types of
task performance benefits depending on user’s age and level of ex-
pertise

When using AR, the expertise-reversal effect can occur whereby
the information presentation employed may benefit a particular
expert-level group over the other

The benefits of AR on mental workload and task performance may
not be apparent in beginner- or novice- level users as they still need
to familiarise themselves with the task

Users with higher level of expertise may benefit more with AR sup-
port as they are already familiar with the task, know what to expect
and know what information they need

When designing AR systems, it may be useful to consider user char-
acteristics and adapt information presentation accordingly

4.5. Limitations of current studies

It is important to acknowledge limitations in current studies as
the ecological validity of AR is a prime concern when concerning
widespread industrial adoption [1, 61]. Based on the review, the fol-
lowing limitations have been identified:

Technical difficulties such as lagging and tracking issues

Small sample size

Controlled environment of experiment does not reflect real-world
scenarios

Low task complexity leading to insignificant results or lack of sta-
tistical analysis

Short duration of experiment

Discomfort over prolonged use of AR device

One of the most commonly reported issues are technical difficulties
stemming from the hardware used. AR devices are prone to lag and
tracking issues, most of which are out of the control of the experiment
[1, 14]. Users reported on the increasing discomfort of HMDs/HWDs
over long periods of time which may also influence the design of ex-
periments in terms of duration [1, 12]. Furthermore, time constraints
due to participant’s availability may also influence experiment duration
[13, 63]. Due to this, it is challenging to replicate real-world working
hours and scenarios for usability studies, whereby external factors such
as “congestion, noise, restricted FOV, connectivity, charging and other
challenges could theoretically reduce the expected performance bene-
fits reported” [12].

Some studies failed to obtain statistically significant results due to
a small sample size [4, 58]. This problem is especially common in the
Medicine & Surgery domain, whereby it may be difficult to get a hold
of targeted users and their time. A total of 13/34 studies had a sample
size of less than 20, with 3 of them having less than 10 participants.

The impact of prolonged use of AR systems in real-world scenar-
ios need further investigation [12, 28]. Current reported benefits of AR
are limited to experiments conducted in controlled environments which
may not necessarily reflect real-world environments. This sentiment is
echoed by Chalhoub and Ayer [12], whose concern was the applica-
bility of their results in real-world environments as it presents a new
set of safety and operability challenges that were not addressed in the
study. Studies investigating AR systems for manual assembly typically
employ a general assembly task model consisting of pick and place ac-
tivities, which does not fully represent real-life manufacturing settings.
Additionally, there may also be variances in workplace and shop floor
designs [13, 52].
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Another limitation that can influence the statistical significance of
results is the experimental design, in particular, the task complexity
[61]. Tasks with low complexity may induce too few errors for any sta-
tistical analysis to be performed [26, 59]. The design of experiments
must be designed so much so that tasks with differing levels of com-
plexity is able to produce statistically significant results.

5. Conclusion

This paper sought to understand the effects of AR systems on mental
workload and task performance and identify the relationship between
them. A positive correlation was found when the effects on task perfor-
mance were mapped against effects on mental workload: if the effects
on mental workload are positive, then the effects on task performance
are more likely to be positive as well, and vice versa. The effects of
AR on mental workload and task performance is attributable to its in-
herent characteristic to overlay relevant virtual information upon the
real-world in real-time. By mitigating the mental tasks of visualizing [7,
56], searching [59], remembering [14], procuring [12], understanding
and processing information to the AR system, AR reduces cognitive bur-
den and free up mental resources, allowing for operators to focus more
on performing the task [59]. The effectiveness of AR systems is influ-
enced by the type of AR display device used, relevance and timeliness of
content, information presentation, user characteristics and task charac-
teristics. In developing AR systems to assist operators, it may be useful
to consider these factors when designing user interfaces and interaction
techniques. It may also be interesting to consider applying adaptation
techniques to AR systems that can adapt to unique users and changing
task scenarios and environments. Limitations of current studies include
technical difficulties and applicability of results to real-world scenarios
[1, 14, 61].
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