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Abstract. The design, development and evaluation of consumer electronics pose
many challenges in the transition from initial concept to final product market re-
lease. In the automotive sector, in particular, due to the nature of these devices
and to alleviate users’ safety concerns, the evaluation of such devices could be
primarily performed in simulated and virtual environments. Device functionality
can be evaluated objectively by measurement of user performance indicators.
User acceptance of these technologies and attitude towards future use is, how-
ever, more difficult to formally access, but is considered as important a determi-
nant of the success or failure of a product. The paper presents the virtual simula-
tion requirements of two prototype AR HUD systems and two variations of Tech-
nology Acceptance Models (TAM) designed exclusively for their evaluation. The
reasoning behind virtual simulations and utilisation of TAM variants in accessing
and predicting user experience outcomes and intentions is discussed. In conclu-
sion, a future plan for examining further the virtual simulation environments and
additional TAM structures is proposed.

Keywords: Augmented Reality, Virtual Reality, Technology Acceptance
Model, Collision Avoidance, Head-Up Display, Smart Cities, Simulation



1 Introduction

En masse production of consumer electronics has to deliver on their functionality
promise and ought to comply with several quality standards. Additionally, they have to
fulfil users’ expectations and support future consumer electronics ecosystems. As such,
the development of a successful product is usually not a one-step process but adheres
to a certain sequential methodology, which relies on the development of the product
through a series of experimentations and adjustments as required. One of the most im-
portant parts of this sequence is the User Experience (UX) evaluation of the product
during the different stages of design, research and development period. Failure to sat-
isfy and produce a conducive user experience typically results in an overall commercial
failure. Physical prototypes could facilitate an initial appraisal, yet the production of
different physical prototype models might prove costly and potential changes to the
product could not be directly accommodated to the same testing model. Health and
safety risks might also hinder the development and testing process of consumer elec-
tronics, particularly in the automotive or building sector.

Virtual and Augmented Reality (VR/AR) has already been employed by various in-
dustries to test and improve products before physical prototyping and manufacturing
[1]. To this end, the development of VR immersive simulators could offer the luxury
of infinite repetitions of an experiment and easy customisation of a product. Further-
more, the evaluation of any product’s efficiency can be processed in a safe virtual en-
vironment enabling the developers and the users to identify potential issues in manu-
facturing and usage issues that could not be performed in real-life [2].

For this reason, we developed a Virtual Reality Driving Simulator (VRDS Lab) de-
signed to evaluate various in-vehicle infotainment systems [3, 4]. The paper will pre-
sent the design and evaluation process of two prototype AR HUD interfaces, aiming to
increase safety by reducing driver distraction typically caused by in-vehicle information
or/and passengers respectively.

The first AR HUD system employs gesture recognition for the direct manipulation
of selected AR icons which could present infotainment data in a timely and safe manner
to the driver [3]. The second interface provides an assortment of infotainment activities
(i.e. educational information, games, navigation data, and local news) that could be
superimposed in the real-surroundings, and occupy the rear passengers during commut-
ing or long-distance travelling, improving the driver’s attention to the road.

This paper will present the use of customised Technology Acceptance Models
(TAM) applied to measure the users’ experience, satisfaction, and acceptance of the
emergency technologies tested in the virtual environment [5,6]. The TAM results of the
two aforementioned cases of AR HUD interfaces will be discussed in contrast to the
simulation performance achieved by the users. Finally, the paper will discuss the po-
tential of the VR evaluation of various product designs, aiming to perfect and appraise
them before the final level of production and will offer a development framework for
the customisation of TAM constructs for VR evaluations in Consumer Electronics.



2 Consumer Electronics

2.1 Current Consumer Electronics’ Trends

Technological advancements have enabled the development of current consumer elec-
tronics that follow an exponential progression in the miniaturisation of the devices with
increased computational processing speed and capabilities. Yet, this fast pace provision
of systems and devices can present major challenges with regards to users’ expecta-
tions, satisfaction and acceptability [7]. Once these consumer electronics (i.e. mobile
phones, smart-tablets, smart-watches and televisions amongst other devices) are al-
ready developed in a functional prototype version, numerous user-experience (UX)
methods could be employed to assess the level of user satisfaction [8].

To this end, user experience and intention for purchasing and using new electronic
products could be focused on the user’s expectations and related to products’ perfor-
mance, the effort required to operate it, the social influence that could enhance users’
image, and the facilitating conditions, which are stemming from the unified theory of
acceptance and use of technology (UTAUT) [9]. Yet, particular devices and systems
that could affect user’s safety (i.e. car consumer electronics) are typically tested in sim-
ulated and/or controlled physical environments that could mask any potential user haz-
ards [2,4]. In previous work, during the design and development process, it was ob-
served that the evaluation performed through immersive simulation (VR Simulation)
could offer a better understanding of users’ expectations and intentions to use the pro-
totype product [4,5,10].

2.2 Vehicular prototype devices — AR HUD Case Studies

To define a framework for the development of a Technology Acceptance Model (TAM)
that could facilitate the evaluation for similar consumer electronics designed for the
automotive sector, this work will present and discuss two case studies related to AR
HUD systems and the TAMs designed for the evaluation of each system.

The aforementioned Head-Up Display devices currently offer an alternative to tra-
ditional dashboard infotainment systems (Head-Down Displays) with the immediate
benefit of maintaining the driver’s gaze on the road [11-13]. The HUD design mantra
largely involves the presentation of useful information directly in the driver’s field of
view by superimposing them to the windscreen producing significant advantages in
contrast to HDD [13, 14]. To superimpose the selected information, HUD devices em-
ploy a projection system (i.e., image projector or laser projector) and a glass combiner
that enhances the projected image. The majority of the current commercial versions of
HUDs are falling within the small to medium estate and as such do not augment infor-
mation directly to the real-environment. Our previous studies focused on the large-scale
estate HUDs which utilised Augmented Reality to superimpose information directly
onto the real-objects in close proximity to the vehicle enabling the driver to identify
potential hazards and reduce the probability of collisions [13, 15].

Previous studies in the provision of crucial information to the driver via AR HUD
system were evaluated primarily to define the actual driver performance benefits in
relation to braking response times (RTs), manoeuvring choices and ultimately user’s



ability to avoid imminent collisions with the use of the prototype HUD systems in con-
trast to existing dashboard bound HDD systems. Although the HCI designs were me-
ticulously tested in different driving simulators and driving scenarios revealing the sig-
nificant performance gains achieved with the use of AR HUDs, it had not yet fully
assessed the drivers’ intention to use and subsequently purchase these devices in the
future [15-17].

The necessity to define and quantify the users’ behavioural intentions was deemed
essential in the latest two projects which are related to the provision of in-vehicle info-
tainment. These two projects are presented in this paper as case studies, whilst aiming
to minimise the risk of driver distraction and consequently reduce collision occurrences.
These two AR HUD prototypes are presented succinctly below.

(a) Driver’s AR HUD system: This system presents three types of information
namely navigation, mobile phone text messages and phone calls as shown in Figure 1.
The latter could be withheld during manoeuvring or high-speed travelling. In this case,
a text message provided the caller's contact details that the driver could call when a safe
driving pattern is resumed. In contrast to current HUD systems that only present some
information mirroring the HDD functions, the proposed AR HUD is fully interactive as
the driver can operate the AR icons through a simple gesture recognition interface. This
approach offers a direct manipulation capability to the user interface that imitates real-
life interactions and enables the driver to access infotainment data safely [3,4,13].

TS

Fig. 1. Case 1:Driver’s AR HUD and gesture recognition for controlling infotainment sources.

(b) Passenger’s AR HUD system: This second system is designed explicitly for the
passengers to present infotainment activities that enrich daily commuting or long-dis-
tance travelling whilst reducing the interaction with the driver. This approach aims to



reduce driver distraction by proxy of increasing the distraction of the passengers. The
in-vehicle passenger distractions are responsible for a significant number of collisions,
particularly when the rear passengers are children [18]. The provision of the AR HUD
infotainment could also use the external scenery to superimpose educational infor-
mation and games. The interaction with the aforementioned activities is performed with
the use of console controllers as illustrated in Figure 2.

Fig. 2. Case2: Passengers’ AR HUD system for controlling infotainment sources.

Both systems were evaluated in a custom-built VR driving simulator described in detail
in the following section. The same driving scenario was applied following on from
previous AR HUD systems and collision avoidance interfaces’ evaluations [4,5,13].
The driving scenarios entailed several potential collisions based on real-scenarios pro-
vided by the local traffic police department. Maintaining uniformity in the evaluation
systems, environment and scenarios was deemed essential for future comparison and
evaluation purposes. In the following sections, the paper will further elaborate on the
differences and similarities of the evaluation TAM tool that have been designed for
each system.



3 Simulation

The vast majority of electronic and engineering products are typically tested at a phys-
ical or virtual prototype level to identify the benefits and drawbacks of each system.
This process is primarily concerned with the functionality of the systems, yet, the iden-
tification of User Experience (UX) and acceptability of the provided technologies,
products and services is also an essential requirement. In particular, products such as
software applications and small devices could be evaluated through functional proto-
types.

However, this is not the case for systems and/or devices which need to be incorpo-
rated in larger products such as vehicles [2,15]. The evaluation limitations could further
extend in safety and ethical considerations. In the case of new in-vehicle systems such
as car infotainment devices that could affect a driver’s response time (RT) to potential
collision situations the user evaluation, at least at the first stages, should comply with
strict regulations before performing physical prototype testing.

The provision of a simulation that could replicate closely the majority of the affect-
ing attributes and conditions offers an ideal testing environment. To this end, the em-
ployment of VR technology for driving simulation enabled us to simulate a large range
of configuration options without the need to build a physical mock-up. Based on the
accurate representation of an existing motorway environment in Scotland, we simulated
the effects of different icon types, positioning, and global calibration parameters [15].
Using spatially immersive, stereoscopic projections we achieved a simulation at 1:1
scale including effects of depth perception and weather conditions as Figure 3 shows.
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Fig. 3. A photograph of the Virtual Reality Driving Simulator laboratory (VRDS Lab) during
the user evaluations
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Fig. 4. Top view schematic of the Virtual Reality Driving Simulator laboratory (VRDS Lab)
during the user evaluations of the two AR HUDS (a) Driver’s and gesture recognition version
(b) Passengers’ side windows’ version.

The simulator entails a real-life vehicle (Mercedes A-Class 2003 model) that is en-
closed within a CAVE (Cave Automatic Virtual Environment) projection system and
enriched with 5.1 surround audio and vibrotactile devices to imitate tarmac inconsist-
encies. The VRDS laboratory space and equipment offer a flexible and customisable
environment for prototyping and evaluating various consumer electronics related to ve-
hicles and road infrastructure as can be seen in Figure 4 a&b.



4 Technology Acceptance Model (TAM) rationale

As mentioned above the evaluation of driver’s responses was achieved with the use
of quantitive data such as vehicle’s speed, deceleration/acceleration, collisions, lane
positioning, gathered every 0.03 seconds. Yet, the driver's intention to use and adopt
these new technologies and devices was unclear [15,16]. To investigate and clarify the
users’ intentions, we used the Technology Acceptance Model (TAM) following other
similar consumer electronics studies [18-21]. TAM has been introduced in 1989 as a
quantifiable method for predicting the usability and potential usage of new technologies
and products [22]. Since then, TAM has been widely used by several industries that
produce consumer electronics and software or embed them to other products. The TAM
expands from the Theory of Reasoned Action (TRA) which is primarily employed to
identify and predict human behavioural intentions by analysing, intentions, attitudes,
and rules that lead the human to believe that particular behaviours could result in spe-
cific outcomes [23]. As such TAM can be used as a predictive modelling method that
could investigate particular variables (i.e., constructs) that aim to identify user accept-
ability of products and outcomes.

The default version of TAM measures two theoretical constructs namely: ease of use
“the degree to which a person believes that using a particular system would be free of
efforts”, and usefulness of the technology as the main determinants of system ac-
ceptance [22]. The perceived ease of use, usefulness and entertainment are the main
factors that influence the customer's attitude towards new and emerging technology
outputs [24]. The relation between a user and a product/interface system can be pre-
dicted by the perceived ease of use which could influence the perceived usefulness as
depicted in Figure 5.

Perceived
Usefulness
()

\

Attitude Behavioral
External : Actual
Verabies Toward Intention to Sustsm Use
Using (A) Use (BI) y

Perceived
Ease of Use

(E)

Fig. 5. First modified version of Technology Acceptance Model TAM [22].

Although the aforementioned variables are the essential constructs that could explain
the acceptability of technologies and products, additional variables could contribute to-
wards the formation of attitudes and views towards technological advancements [21].
This ability to incorporate bespoke constructs in a modular manner provides much-
needed flexibility to the TAM for accommodating different variables depending on the
technology products, and the relevant users’ population.



In addition, previous studies demonstrated that several other common construct var-
iables can be used to gauge technology adoption and acceptance, such as Behavioural
Intention (BI), Attitude Towards Technology (ATT), and Anxiety (ANX) [9,25, 26].

As such research studies that investigate different technologies and outcomes such
as electronics, engineering, medical, and e-commerce applications could enhance the
main TAM structure by adding new constructs, designed to reveal users’ behavioural
intentions (BI) for specific technological products and services. Yet, it could be argued
that the users’ Bl to use a product doesn’t necessarily reflect the real-life, actual usage
outcome. To this end, previous studies revealed that the Bl is likely to be correlated
with actual usage. In contrast, the main TAM constructs (i.e., PEU and PU) are less
likely to be correlated with actual usage and as such caution is advisable when these
constructs are utilised outwith the original context that the TAM was intended to be
used [27]. In the automotive consumer electronics domain, a variety of TAM structures
have been modified and employed to identify the user’s intentions to use and ultimately
purchase specific electronic devices or the car itself [28-30].

To accommodate the individual factors/variables that affect users’ BI, different stud-
ies can develop additional constructs that are integrated into the default TAM model
constructs. The establishment of new constructs is based on the system characteristic
and tasks' nature. For the particular case studies presented in this paper, two variations
of the main TAM structure were used as described below:

(&) The AR HUD for the Driver used a modified TAM to include further constructs
that were deemed essential in determining the usability aspects and the perceived
risk of the proposed system. This TAM adhered to the previous TAM 2 structure
and evaluations where the Attitude Towards Using (A) was excluded from the de-
fault structure [30-32]. Although the value of (A) is debated in previous studies, in
this particular case it was considered unnecessary as the system under investiga-
tion, was in the initial development phase and any minor differences in the results
wouldn’t have a major impact. The additional construct Perceived Risk of Use
(PRISK) is incorporated and measured in the original TAM structure consisting of
the Perceived Usefulness (PU) and Perceived Ease of Use (PEOU) in relation to
the user’s Behavioural Intention (BI). The different hypotheses (H) that affect the
relationship between the constructs are described in detail as follows:

e HI1: Adriver's perceived usefulness of a HUD utilising contactless gestures while
driving has a positive effect on his/her behavioural intention to use the system.

o H2: Adriver’s perceived ease-0f-use of HUD with contactless gestures has a pos-
itive effect on his/her behavioural intention to use the car infotainment system.

o H3: Adriver’s perceived ease-0f-use of HUD with contactless gestures has a pos-
itive effect on his/her perceived usefulness of the car infotainment system.

e H4: The increased perceived risk of an HDD with touch gestures in comparison to
HUD with contactless gestures has a negative effect on his/her behavioural inten-
tion to use the car infotainment system.

e Hb5: The increased perceived risk of an HDD with touch gestures in comparison to
HUD with contactless gestures has a negative effect on the usefulness of the sys-
tem.
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e H6: The increased perceived risk of an HDD with touch gestures in comparison to
HUD with contactless gestures has a negative effect on perceived ease of use of
the system.

H4

N e

H2

Fig 6. Case A: TAM for Driver’s AR HUD with Contactless Gestures for infotainment system.

Based on TAM 2 and the custom TAM constructs used in this research were assessed
by items of the questionnaire with PU having 9 items, PEOU with 7 items, Perceived
risk with 5 items and Bl with 4 items. After the trial, the user was asked to evaluate the
system by going through the 25 questions using a 5-point Likert scale (5: Strongly
agree, 5: Agree, 4: Neutral, 3: Disagree, 1: Strongly disagree).

(b) In contrast to the first case study, the Passengers’ AR HUD used a modified model
of TAM to include additional constructs. In this case, the Perceived Risk of Use
(PRISK) has been replaced by the Perceived Entertainment value (PE) but the At-
titude Towards Use (A) was maintained following closely the original TAM struc-
ture. Supplementary values were also investigated but not presented on this ver-
sion, such as perceived presentation attractiveness (PPA), and perceived playful-
ness (PP) [29]. This factor (PE) has been incorporated into the model following
previous TAM models that investigated the playfulness and enjoyment factors of
specific technologies as is illustrated in Figure 7 [28-32].
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Fig 7. Case B: TAM for Passengers” AR HUD for infotainment system.

The different hypotheses (H) that affect the relationship between the constructs are
described in detail as follows:

e HI1: A passenger’s perceived usefulness (PU) of the AR HUD system positively
affects his/her behavioural intention (BI) to use the system.

e H2: A passenger’s perceived ease-of-use (PEOU) of the AR HUD system positively
affects his/her behavioural intention (BI) to use the system.

e H3: 4 passenger’s perceived ease-of-use (PEOU) of the AR HUD interface design
will positively affect the participants’ perceived usefulness (PU)of the system.

e H4: The perceived entertainment (PE) and educational value of the AR HUD in
comparison to traditional means (i.e., smartphones/tablets, talking to the
driver/passengers) will positively affect the participants’ attitude of use (A) the
proposed system.

e H5: The perceived entertainment (PE) and educational value of the AR HUD in
comparison to traditional means (i.e., smartphones/tablets, talking to the
driver/passengers) will positively affect the participants’ perceived use (PU).

e HG6: The perceived entertainment (PE) and interface design of the AR HUD in com-
parison to traditional means (i.e., smartphones/tablets, talking to the driver/pas-
sengers) will positively affect the participants’ perceived use (PU).

e HT7: A passengers' perceived usefulness (PU) of the AR HUD utilizing during com-
muting/trip will positively affect the participants’ behavioural intention (BI) to use
the system.

e H8: A passengers' attitude of use (A) of the AR HUD during commuting/trip will
positively affect the participants’ behavioural intention (BI) to use the system.
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In a similar mantra the AR Passengers’ HUD employed a customised TAM, the re-
search model for study (a), examines 5 constructs and 8 hypotheses’ items. By the com-
pletion of the driving simulation experiment, the users’ responded to 25 questions using
the same 5-point Likert scale as per the previous case.

As this paper describes the rationale behind the combined use of VR simulations and
custom TAM for the evaluation of prototype consumer electronics it is not in the remit
of this work to analyse in detail the aforementioned TAM results but to present different
options and TAM structures that could support future similar studies. The following
section offers the main highlights and points of interest of this work.

5 VR Simulations, TAM Results & Discussion

The TAM constructs proposed for both studies were assessed for their validity and
reliability by employing descriptive analysis in SPSS. The internal consistency of all
items was measured with Cronbach’s alpha which is a value that calculates the coeffi-
cient of reliability. The Cronbach alpha value was above .7 for both studies which are
considered acceptable. Cronbach's alpha coefficient for each construct is above .7 and
ranges between 0.720 to 0.826. The mean value of each item depicts the overall con-
sistency and has been calculated for each item. The mean value of each TAM construct
and its items is above 3.5 which is acceptable and proves that the accumulated data is
consistent. The individual hypotheses (H) for both cases were examined using regres-
sion analysis. The hypotheses testing values presented p values and correlation coeffi-
cient in the significant range (p<0.01 and a correlation coefficiency above 0.5) as re-
quired to support the hypotheses.

Irrelevantly to the TAM structure of choice (with or without the Attitude of Use)
both studies presented valuable, measurable feedback which informed the immediate
changes on the prototype applications. The subjective suggestions and the experiment-
ers’ observations verified further the users’ responses whilst the quantitative data re-
lated to collision occurrences and driver’s RTs also reinforced the TAM results. On
some limited occasions, it was identified, a disparity between the users’ BI and the
actual performance achieved (for collision avoidance) with the prototype devices. Alt-
hough these were negligible in the particular samples of users, 50 for each system eval-
uation, it would be of interest to explore further the reason and outputs that affected the
users’ BIL.

As described in the previous section in a simulated synthetic environment it is fea-
sible to reconstruct almost an infinite number of variables with no safety infringes. Fur-
thermore, the system development could be achieved and re-evaluated on the spot and
users’ feedback could be applied significantly faster than in real-life working proto-
types. A physical prototype would be eventually developed for the final product testing,
yet, all the intermediate major or minor alterations could be applied in a considerably
cost-effective manner through simulation [33-36].

In particular, human factors engineering attributes could be applied promptly
throughout every stage of the development. Digital human modelling and accurate
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environment visualisation can provide the product engineers with crucial information
concerning the benefits or problems that might appear in the real product. Identifying
and resolving the potential issues well in advance offer a significant advantage to the
typical testing environments and processes.

Additionally, VR can be employed also in cases that need to imitate the depth of
field or various physical conditions, weather conditions and Al collision scenarios
[2,13, 14, 35].

Another significant attribute of VR simulation is the ability to incorporate any object
(3D model) into the testing environment with no physical constraints as weight and
overall size limitations. The drawback of VR simulations is that the initial 3D model-
ling and programming of interactions and physics could be an elaborate process, how-
ever, any future required changes could be applied rapidly and at a lesser cost than a
physical prototype. On rare occasions, users could also demonstrate motion sickness if
the evaluation of the prototype product requires the user to move in the virtual environ-
ment.

6 Conclusions

The paper presented a pipeline for the evaluation of vehicular consumer electronics
with the use of VR driving simulators and customized Technology Acceptance Models.
The paper discussed the flexibility of the VR simulators and the diversity between the
products, actions and environments that could be replicated in a synthetic setting as
well as the acceptance of such technologies by the prospective users.

In addition, this paper presented the virtual simulation requirements of two prototype
multimodal AR HUD systems that both aim to reduce driver distraction either by the
contemporary infotainment devices or by the interaction with the passengers. The eval-
uation of both systems was performed by 50 users and resulted in improving the driver’s
response time and situational awareness as the collision occurrences were reduced sig-
nificantly in both cases.

The evaluation of both prototype systems has been accommodated in a high-fidelity
full-scale VR driving simulator developed to replicate realistically driving scenarios of
high probability collisions. In future work, we intend to exchange the TAM structures
for the two studies and re-evaluate the proposed AR HUD systems aiming to identify
potential differences in the user’s behavioural intentions with and without the attitude
towards use (A) construct.
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