/
o2o Resmits
0.00 Publishing

Journal of Transportation Technologies, 2017, 7, 1-25
http://www.scirp.org/journal/jtts

ISSN Online: 2160-0481

ISSN Print: 2160-0473

Testing New Solutions for Eco-Driving:
Haptic Gas Pedals in Electric Vehicles

Jaume R. Perell612, Antoni Gomila?, Eva M. Garcia-Quinteiro?, Marta Miranda?

"University of the Balearic Islands (UIB), Palma, Spain
2Automotive Technology Centre of Galicia (CTAG), Pontevedra, Spain

Email: jaumer.perello@uib.eu

How to cite this paper: Perelld, J.R., Go-
mila, A., Garcia-Quinteiro, E.M. and Miran-
da, M. (2017) Testing New Solutions for
Eco-Driving: Haptic Gas Pedals in Electric
Vehicles. Journal of Transportation Tech-
nologies, 7, 1-25.
http://dx.doi.org/10.4236/itts.2017.71001

Received: September 12, 2016
Accepted: December 9, 2016
Published: December 12, 2016

Copyright © 2017 by authors and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

Reducing energy consumption has become a matter of increasing concern
for electric vehicle owners. EcoDriver is a project funded by the European
Commission, searching for new eco-driving solutions for reducing energy
consumption in private and public transport. EcoDriver’s main purpose is
to teach efficient driving strategies and facilitate drivers’ decision-making
processes through several feedback modalities, in order to help increase dri-
ving efficiency and therefore reduce energy consumption. In the present stu-
dy, the Full ecoDriver System combined with a haptic feedback gas pedal
was tested in real driving conditions to give answers to some questions
about its effectiveness, efficiency, workload and acceptability in an electric
vehicle. The sample profile was composed by thirty young but experienced
drivers. They had to drive around an open road track which allowed several
possible scenarios such as curves, intersection or roundabout, speed limit
changes and preceding vehicles. Average speed was registered on each lap,
likewise other subjective measurements. The main results suggest that the
efficiency benefits achieved while driving depend on the event type and the
feedback modality provided. For instance haptic feedback seems to be espe-
cially indicated for roundabouts. In addition, the visual feedback provided
by the FeDS nomadic device helps to save energy and learn eco-driving
strategies. These outcomes indicate how several feedback modalities could
facilitate the decision making process, changing driving behaviour, reducing
energy consumption and increasing safety. These questions would help ad-
vance further research on eco-driving Intelligent Transport Systems and driv-
ing behaviour issues.
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1. Introduction

Global warning and greenhouse gas emissions are topics of great interest nowa-
days all around the world. After industry, the transportation sector is the sec-
ond-largest contributor to greenhouse gas emissions in the European Union,
accounting for around one fourth of the total CO, emissions [1].

Owing to this, energy efficiency in the automotive sector is currently a focus
of research and industry activities. Besides technological innovations, drivers’
behaviour is a potential area of improvement in order to increase vehicles’ effi-
ciency. Eco-driving is a recent campaign originated in Switzerland and Finland
[2] and promoted by some European institutions whose main objective is teach-
ing drivers an efficient driving style which allows them to reduce energy con-
sumption and greenhouse gas emissions. There are different eco-driving strate-
gies for Internal Combustion Engine (ICE) vehicles and Electric Vehicles (EV)
because the characteristics of their power train efficiency are completely differ-
ent [3] [4]. Some eco-driving strategies for EV have been proposed in the Energy
Efficient Vehicles for Road Transport project (EE-VERT) [2] such as applying
light but consistent pressure on the accelerator pedal, using the ECO mode for
improved efficiency, applying early smooth braking which boosts regenerative
braking, the use of Cruise Control (CC) to maintain steady speeds and using Re-
circulate Mode when Climate Control is on. These eco-driving strategies have
been shown to produce reductions in energy consumption in several studies [5]
[6]. In particular, for EV, due to their limited battery power duration, saving en-
ergy to increase vehicle autonomy has become a mandatory issue that can in-
crease anxiety and cognitive workload for EV drivers, a phenomenon known as
“Range Anxiety” [5]. Thus, EV owners are more concerned with their consump-
tion. They fear that their vehicle will have insufficient range to reach its destina-
tion and would thus leave the vehicle’s occupants stranded.

EcoDriver—supporting the driver in conserving energy and reducing emis-

sions—is a four-year European project that supports the driver in adopting an
eco-driving behaviour adapted to them and to their vehicle’s characteristics
through different feedback applications (for more details view [7] [8] [9] [10]
[11]).

The Automotive Technology Centre of Galicia (CTAG) for the implementa-
tion of new technologies and the encouragement of research, development and
innovation, is an ecoDriver test site location that has designed different Field
Operational Tests (FOT) to validate the working of three configurations based
on two ecoDriver systems: the Android ecoDriver System and the Full ecoDriver
System (FeDS). One of these tests was carried out by the authors of this project
in close collaboration with CTAG. This study employed the Full ecoDriver Sys-
tem complemented by a haptic gas pedal to enhance the feedback provided to
the user.

Smart driving systems, and particularly eco-driving systems, are a potentially
achievable and efficient measure for private transport to contribute saving ener-

gy and consequently reducing greenhouse emissions without increasing drivers
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cognitive workload [12]. Several authors [5] [6] [13] have suggested that feed-
back from diverse eco-driving systems are recommendable to support users in
changing their driving habits and reducing energy consumption in EV.

However, there is an important problem when designing new interface con-
cepts: they require the user to accept the new technology in order to make it
successful. Therefore, it is of great importance to discover at a very early stage of
development which issues in system design are decreasing the acceptance of the
new systems [14].

When designing an eco-driving system in order to increase its acceptability,
the rate of learning of eco-driving skills during experience with such a system is
an important factor to consider. This will allow the delivery of information to be
tailored to optimise learning, and will also allow identification of the point in
time at which it is appropriate to reduce or eliminate the guidance to prevent the
presentation of redundant in vehicle information [15]. In fact, if advice is pro-
vided too frequently, this may become annoying for drivers, therefore influenc-
ing overall acceptance and ultimately engagement with the system. A key prem-
ise behind the eco-Driver project is that drivers who are able to learn eco-driving
skills readily do not need constant eco-driving support.

Another important consideration when designing an eco-driving assistance
system for prolonged use is the selection of the most appropriate—most effective
and least distracting—modality for the system interface. Currently, the majority
of the systems on the market rely on the provision of visual information to the
driver [16]. Whilst this is an effective method for the transmission of detailed
driving-related information, it also has the potential to overload drivers and dis-
tract them from the primary driving task [7]. The negative impact of competing
visual tasks on driving performance has been consistently reported, with im-
pairment observed in driver reaction times [17] [18], event detection [19] and
lateral control [20].

Whereas prior work has demonstrated a reduction in the distracting impacts
of a visual eco-driving interface when combined with a complementary audio
signal [7], there is substantial evidence in the literature of adverse effects of an
auditory task on driving performance measures such as brake reaction time [21]
[22] [23], longitudinal control [24] [25], event detection [23] and steering per-
formance [26]. This suggests a need to consider an alternative presentation mo-
dality: haptic feedback.

Haptic gas pedals have been used before in a number of in-vehicle applica-
tions such as forward collision warning systems [27] and speed management
systems [28] to produce favourable effects on driving performance, as suggested
by Hibberd et al [7]. Birrell, Young, & Weldon [29] also found positive changes
to drivers’ behaviour compared to baseline condition, when they evaluated a
haptic accelerator pedal’s effects on driving performance and perceived work-
load. They also reported a decrease in subjective workload when driving with the
haptic pedal, thus concluding that haptic modality was beneficial in this context

as it does not encroach on other attention resource pools that are used in driving
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(i.e. mainly visual). Furthermore, other modalities of haptic feedback have also
been tested and showed similar results, for instance Spiessl & Hussmann [30]
assessing error recognition in automated driving used haptic steering-wheel
feedback to provide the participant with useful information about the vehicle’s
trajectory. They found that participants required less time to redirect their atten-
tion towards the road after an automation error with haptic feedback. In other
words, use of haptic feedback kept drivers more engaged in driving tasks.

Thus, the main objective in the present study is to test the effectiveness, ac-
ceptance and workload of Force (FHGP) and Stiffness (SHGP) haptic gas pedals
combined with the Full ecoDriver System. Expectations are that haptic gas ped-
als will help produce eco-driving behaviours and reduce drivers’ cognitive work-
load, which would also increase their acceptance [29]. It is expected that when
using a different sensorial channel—the haptic channel—information will be
processed faster than when presented in visual modalities, as suggested by Wickens
[31] in his multiple resource theory, and consequently drivers’ workload should
be lower.

The main hypotheses are:

e Experimental conditions should favour maintaining a steadier speed.

e Speed differences are expected before events between baseline and experi-
mental conditions.

e Speed during event should decrease in experimental conditions.

e Speed during event should decrease with HGP modalities more than with
FeDS.

e HGP modalities should register equal or lower workload values compared to
FeDS.

e FeDS should register higher general workload values compared to baseline
conditions.

e HGPs would obtain more favourable acceptance and satisfaction results com-

pared to FeDS in the van der Laan Acceptance scale.

2. Method

The design of this research takes as a methodological reference the study con-
ducted by Hibberd, Jamson, & Jamson [7] at the University of Leeds. They fo-
cused on the interaction between the driver and their vehicle, looking at what
type of eco-driving information is easy to use and learn whilst not compromis-
ing safety. They tested drivers’ ability to follow eco-driving advice accurately; as
well as their tendency to prioritise this over driving safety. FeDS (visual feed-
back) with FHGP and SHGP (haptic feedback) were tested in the Leeds Univer-
sity’s driving simulator in order to evaluate both visual and haptic eco-driving
feedback systems. They found that eco-driving advice improved driving per-
formance, and that visual feedback was the most effective. However, this modal-
ity increased subjective workload as it reduced driving attention to the forward
view. Although haptic force feedback’s effect on subjective workload was lower,

it was less effective than a visual feedback system.
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Figure 1. Method flow block diagram.

For this reason, in the present study (Figure 1) the main intention was to
bring this test to a real-world driving situation and compare the main results of
both studies. Speed parameters (in km/h) before, during and after each event
(i.e speed limit change, preceding vehicle, curve and intersection) in both base-

line and experimental conditions were registered.

2.1. Participants

Participants were 30 CTAG workers, of whom 26 were men and four were
women. Their average age was 33 years old (M = 33.67; SD = 5.55). All of them
received 20€ as an economic compensation when they finished the trials. None
of the 30 participants were familiar with using haptic gas pedals, though 25 of
them had already participated in a previous study with the Full ecoDriver system
and had already driven the Nissan Leaf used in the present study. The other five
participants were recruited later to replace other participants who were unable to
be involved owing to reasons outside the research. These five newly recruited
participants had no previous experience with the car, nor with the ecoDriver

system, nor with the use of haptic pedals.

2.2. Apparatus

2.2.1. Full ecoDriver System
The Full ecoDriver System is based on energy algorithms. The model uses data
from the Controller Area Network (CAN) bus of the vehicle, Global Positioning
System (GPS), a map database and radar to provide guidance on how to achieve
optimal energy efficiency through accelerator pedal usage and to create driving
recommendations for the user linked to the functions to be tested. This advice
recommends lifting the foot off the accelerator pedal. It is the driver’s decision
whether to obey the eco-driving guidance if it advises them to behave in a way
which might compromise their safety. Once the event is finished, the system
provides feedback about the driver’s ecoDriver reaction, showing a score on the
display by colouring from 0 to 5 stars.
In addition, at any time, the system provides:
e (Gear information: the current gear engaged and the recommended gear
shown through arrows
o Speedometer information: a blue needle represents the current speed and a
green area with the eco speed is also shown. This best speed for an ecodriving

style depends on the speed limits, vehicle configuration, power train and the
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vehicle ahead.

The functions tested in this controlled test are:

Preceding vehicle detection: the system detects a vehicle ahead driving slower
than the ecoDriver vehicle when the speed of the ecoDriver vehicle is higher
than 40 km/h and the distance to the vehicle ahead is more than 20 m.

The Human-Machine Interface (HMI) application (see Figure 2) shows a pop-

up on the screen for six seconds which recommends the driver to decrease pres-

sure on the accelerator pedal. The aim of the system with this recommendation

is to support the driver in a progressive deceleration using the engine brake.

Approaching an intersection: The use of a map database enables the system
to receive data about the approaching horizon. This makes it possible to
know when the ecoDriver vehicle is getting closer to the intersection (see
Figure 3). The information on the pop-up recommends releasing the accel-
erator pedal for a progressive deceleration using the engine brake while ap-
proaching the intersection.

Approaching a stretch of road with a lower speed limit. the map database also
offers information about the presence of speed limits and their position (see
Figure 4). This makes it possible to know when the ecoDriver vehicle is get-
ting closer to a speed limit. The HMI application shows the pop-up of the
figure only when the speed of the ecoDriver vehicle is higher than the speed
limit.

Approaching a curve The map database indicates the presence of curves and
their position (see Figure 5). The system reacts to this event when approa-
ching the curve if the speed of the ecoDriver vehicle is higher than the “safe
speed” to approach the curve. The HMI application shows the pop-up of the
figure only when the speed of the ecoDriver vehicle is higher than the “safe
speed” of the curve. The information on the pop-up recommends releasing
the accelerator pedal for a progressive deceleration using the engine brake
approaching the curve. Once the driver has carried out the system’s recom-
mendation and the vehicle has entered the curve, the system gives feedback

showing a score on the driver’s behaviour.

In this study, the haptic gas pedal provides additional feedback and empha-

sises the information provided by the HMI. Two different stages are imple-

mented:

Force mode: applies a resisting force when some of the FeDS functions con-
sider that the user should stop pressing the accelerator pedal.
Vibration mode: the motor simulates a vibration when any of the FeDS de-

mands it.

2.2.2. FeDS Components

The Full ecoDriver System was integrated in a 2010 Nissan Leaf, of which the

main components are:

Radar: Front radar was integrated in the vehicle to implement the Preceding

Vehicle Detection function.
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Figure 2. Advice and feedback for preceding vehicle detection.

etoDriver » % @ R

Figure 3. Advice and feedback for approaching an intersection.

Car PC: with a map database and FeDS software.

Smartphone: this device receives information from the car’s PC via Wi-Fi
and shows it in a visual and user-friendly way. It was attached to the front
windscreen (see Figure 6).

CTAG datalogger: this is the logging system. The datalogger is connected to
the CAN bus of the vehicle, radar and a GPS antenna, and gathers all this in-
formation at 10Hz.

Haptic gas pedal: an electric motor was attached to the accelerator pedal to
simulate the behaviour of a haptic pedal. This motor is controlled by a PC
that receives the ecoDriver messages from the Car PC. The pedal could be

turned on and off with a switcher.
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eicoDriver
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Figure 4. Advice and feedback when approaching a lower
speed limit.

Advice

Figure 6. Smartphone used as a nomadic device displaying FeDS.
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2.2.3. The Track

Trials had been carried out on an open road track combining motorway and in-
ter-urban stretch which allowed several possible scenarios: curves, intersec-
tion/roundabout, speed limits and motorway stretch (see Figure 7). The track
started at a roundabout (A), followed by and incorporation to the traffic (B).
Then, participants drove through the dual carriageway with speed limited to 120
kilometres per hour (C). At a certain point, the speed limit changed from 120
km/h to 90 km/h (D). After that, they had to leave the dual carriageway and deal
with a roundabout (E), followed by a making a U-turn on a conventional road
(F). Afterwards, drivers had to incorporate to the dual carriageway back to point
A (G). The dual carriageway driving with speed was limited to 120 km/h (H).
Finally, they had to leave the dual carriageway and stop at point A (I).

2.2.4. Questionnaires and Scales

Questionnaires utilised included a battery of items to establish the profile of the
sample relating to socio-demographic data such as age, gender, driver experience
(years), annual mileage (km) and employment. It also included items related to
in-vehicle technologies experience (e.g. using GPS navigation, Cruise Control,
parking aids, etc.), willingness to use new technologies and attitudes towards ef-
ficient and green behaviour.

Secondly, they also included completing the NASA-Task Load Index after fin-
ishing each of five trials. This scale was primarily developed to evaluate work-
load in aviation. However, 20 years later it is being used in several fields and
studies with the same purpose: namely, evaluating cognitive workload in hu-
mans while performing a task. In the transportation field it has also been used in

many different studies, such as for evaluating driving distractions [32] [33] [34]
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or assessing in-vehicle assistance systems [7] [29] [35]. In this case, workload is
defined as “a term that represents the cost of accomplishing mission require-
ments for the human operator” [36]. NASA-TLX consists of six subscales that
represent independent clusters of variables: Mental demand, Physical demand,
Temporal demand, Frustration level, Effort, and Performance.

In the experimental conditions, the Van der Laan acceptance scale [37] was
included. It has been used and validated in several transport studies such as with
a Tutoring and Enforcement system [38] [39], Intelligent Cruise Control [40]
[41] and with a Collision Avoidance System [42]. This scale is directed towards
evaluation of user-acceptance of the system’s ergonomics, and includes a set of
items related with the FeDS system’s perception. Individual item scores run
from -2 to + 2, except items 3, 6 and 8 which are reversed compared to the other
items in order to avoid automatic responses. The first subscale contains an as-
sessment in terms of useful, good, effective, assisting and raising alertness, and
could be interpreted as denoting the system’s usefulness. The second subscale
contains an assessment in terms of pleasant, nice, likeable and desirable, and

could be interpreted as reflecting satisfaction with the system.

2.3. Research Design

A multifactorial repeated measures design was produced. Independent variables
were: the FeDS with the traditional accelerator pedal; FeDS with FHGP; and
FeDS with SHGP. For each independent variable four events were proposed:
speed limit, curve, intersection or roundabout, and predecessor vehicle. De-
pendent variables registered in each situation were the following: vehicle speed
during event, vehicle speed five seconds before event, vehicle speed five seconds

after event, and participant’s cognitive workload and system acceptance.

2.4. Procedure

Before initiating each test a previous appointment had been made with each par-
ticipant. Participants were welcomed in CTAG’s garage. First they had to show
they had their driving license in order. Next, when they entered the vehicle they
were instructed how the vehicle and the ecoDriver system worked. After that,
they were also informed about the nature of the study and that they were going
to use a vehicle with a three-level haptic gas pedal: standard mode, force mode
and stiffness mode. The test started once each participant had understood that
the haptic pedal was in no way dangerous and that it could be disabled by push-
ing the brake pedal. The only instruction given was to drive as s/he usually did,
respecting all traffic rules. When the participant was ready and had understood
all the instructions, they proceeded to leave CTAG’s garage and drove to point A
(see Figure 6), always following the same route. Eventually, once point A has
been reached, the car was stopped in order to initialise the data collection de-
vices. This procedure was repeated in each trial and with each participant.

As with Hibberd et al, (2015) [7] each of the five experimental trials lasted

approximately 10 minutes and included the four events. Thus, participants took
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approximately one hour to complete the whole test. Participants performed the
same circuit in each experimental condition (see Figure 7).

The first condition was a baseline (baseline 1). In this lap, participants only
had to drive as they would usually do, without FeDS nor HGP.

The second lap was the first experimental condition. Participants had to drive
as they would usually do, but this time using the FeDS, or using the FeDS with
one of both HGP (this is Force gas pedal or haptic gas Stiffness pedal). Each lap’s
experimental conditions were counterbalanced across all participants.

The third lap was the second experimental condition. Participants had to
drive as they would usually do; using the FeDS, or using the FeDS with HGP.
Conditions were randomised, thereby avoiding the repetition of the previous
condition in lap 2.

The fourth lap was the third experimental condition. Participants had to drive
as they would usually do using the FeDS, or using the FeDS with HGP. Condi-
tions were randomised, so repeating the previous condition in laps 2 and 3 was
again avoided.

The last lap was another baseline condition (baseline 2) introduced to investi-
gate the possible appearance of learning effects. Participants only had to drive as
they would usually do neither without the FeDS nor with HGP.

NASA-TLX questionnaires were filled out after each experimental condition
in order to achieve greater accuracy. Other questionnaires were filled out on the

same day or on following days, at most one week later.

3. Results

The need to register a type of widely differing variables during this study has
been previously explained. A sample profile was composed with participants’
socio-demographic data, drivers’ experience using driving assistance technolo-
gies, participants’ willingness to use technology and their attitude towards green
behaviour.

Furthermore, driving speed (km/h) before, during and after the events de-
tected by the FeDS was also registered. These events were curve, intersection,
speed limit and preceding vehicle.

Lastly, a set of several questionnaires and scales was used to register partici-
pants’ subjective information including workload (NASA-TLX) and acceptance

(Van der Laan Scale). The main outcomes are presented itemised below.

3.1. Sample Profile

Demographic data used in this study included participants’ age, gender and an-
nual mileage. Moreover, drivers’ experience using driving assistance technology
such as route navigation, cruise control, parking aids, speed warnings, etc., par-
ticipants’ willingness to use technology and their attitude towards environmen-
tally-friendly behaviour was also included. This information will be helpful to

better understand and interpret the main results.
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3.1.1. Demographics

The sample was made up of 26 men and four women, their mean age being 33
years old (M = 33.67; SD = 5.55) as indicated previously in section 2 (see Figure
8) for more sample distribution details). Furthermore, their mean annual mile-
age was 20600 km per year (SD = 8319.48), where the maximum was 40000 km
per year and the minimum was 6000 km per year. This suggests that participants
spent more time driving than the average Spanish driver, as the mean mileage in
Spain in 2014 was 9126 kilometres per year [43]. Moreover, participants’ mean
driving experience was M = 14.33 years (SD = 5.18), which suggests that the
sample was primarily formed by young but experienced drivers. This informa-
tion might be relevant to understanding the main results, as participants were

used to driving regularly and had experience with some in-vehicle systems.

3.1.2. Experience with Technology

Participants were not novice drivers. They were young people who habitually
drove more kilometres per year than the average driver in Spain, and they were
also used to being involved with in-vehicle technology. They mainly had experi-
ence with route navigation, cruise control and reverse parking aid; as these are
the most common systems installed in new vehicles over the last five years. This
suggests that participants were used to driving cars recently manufactured which
incorporated the most recent in-vehicle technology. Other participants also had
experience with other recently-developed systems such as speed limit change
and fuel efficiency advisor, and which are especially related to the FeDS tested in

the present study. Lastly, a few participants had experience with other brand

Gender
Male Female
45 45
41 41
40 =40
39+ -39
38+ 38
37+ -37
36+ -36
35+ 35
34+ 34
33+ 33
31 31
30 30
28 -28
27 =27
25+ =25
24+ =24
23 23

T
0

Frequenty

N~
W

Figure 8. Demographics: age and gender.
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new technology, and although they represent one out of four participants, this
suggests that the sample drivers in the present study are up-to-date with invehi-
cle technology.

3.1.3. Technology Readiness

This scale is part of the pre-exposure questionnaire pack and was previously
used by Jamson et al [10] in the ecoDriver D42.1-Evaluation of effectiveness
subproject. It contains items formed by sentences describing people’s attitudes
towards willingness to use technology. The highest-rated items were statements
related with the freedom and flexibility that technology offers; how technology
can help to increase efficiency, and also the concept of technology as a personal
challenge to enjoy, as well as learning how to use it. On the other hand, the items
rated with the strongest disagreement are statements related to the consequences
of misusing technology, such as the dangers of carrying out financial operations
on line. This is in accordance with the highest rated items in this scale, indicat-
ing that participants were really familiar with the latest technology as they knew

quite well how technology can be misused nowadays.

3.1.4. Attitudes towards Green Behaviour

This scale also forms part of the pre-exposure questionnaire set and was also
used by Jamson et al [10] together with the ZTechnology readiness scale with the
purpose of classifying drivers regarding their driving style and habits. The scale
contains items formed by sentences describing people’s attitudes towards envi-
ronmentally-friendly behaviour. Participants strongly agreed that they had a
good knowledge of environmentally-friendly behaviour and that they were in-
terested in saving as much energy as possible while driving. In contrast, they did
not think that eco-driving was currently a common practice with drivers; per-
haps participants thought that environmentally-friendly behaviour is not often
ingrained in most drivers’ minds. This suggests that in future actions increasing

the interest in being an eco-driver should be taken into account.

3.2. Events

2

A one-way intra-groups multivariate analysis of variance F = was per-

s%Y
formed to investigate speed differences in the following events: curve, speed lim-
its, preceding vehicle and intersection. Three dependent variables were used:
speed before, during, and after the event. The independent variable was the
FeDS modality. Preliminary assumption testing was conducted to check for
normality, linearity and multivariate outliers, homogeneity of variance-covari-

ance matrices, and multicollinearity, with no serious violations noted.

3.2.1. Curve

See Figure 9, speed in baseline 1 was always higher than other conditions, while
experimental conditions showed lower values, especially after the event. FHGP
registered the lowest mean speed [M = 24.17 (SD = 1.22)], both during the event
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and after [M = 34.87 (SD = 4.97)]. The second baseline produced different re-
sults; before and during the curve, speed was similar to experimental conditions,
although after the event it was almost equal to first baseline.

No statistically significant differences between the mean speed values were
found across conditions, indicating that there were no differences in driving

speed on curves, with or without FeDS modalities.

3.3.2. Speed Limit
An inspection of mean speed scores indicated that the FeDS condition achieved
the lowest value [M = 108.57 (SD = 12.76)], both before and during the event [M
= 110.82 (SD = 12.14)]. These differences are more appreciable in Figure 10
where mean speed values are represented for each condition. HGPs registered
speeds faster than the first baseline, except after the event.

Mean speed statistically significant differences were found, F (12, 572) = 4.42,
p < 0.05; Wilks’ Lambda = 0.79; partial eta square = 0.08; between FeDS condi-
tion and other conditions, suggesting that visual feedback (FeDS) is more effec-

tive than the other system modalities for speed limitation events.

Curve mean speed (km/h)

. 39.69
40 39 4637.67 37.67

£25.94 25.53
26.28 24.17 25.17

Before During After
B Baselinel ®FeDS ®FHGP ®SHGP mBaseline 2

Figure 9. Mean speed values before, during and after curve event for each condition.

Speed limit mean speed (km/h)
115
114
113
112
111
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M Baseline 1 m FeDS = FHGP B SHGP m Baseline 2

Figure 10. Mean speed values during, before and after speed limit event.
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3.2.3. Preceding Vehicle

A descriptive statistical analysis showed that FHGP registered the lowest speed
across all conditions (see Figure 11): before [M = 87.77 (SD = 17.44)], during
[M = 81.21 (SD = 23.94)] and after [M = 82.53 (SD = 20.30)] the preceding vehi-
cle event. In addition, the second baseline showed values more similar to ex-
perimental conditions than to baseline 1, suggesting a possible learning effect.

In this condition the data did not fulfil main MANOV A assumptions, as there
was a high correlation (0.8 - 0.9) between dependent variables. Covariance ma-
trices Box test was also lower than <0.001, so an ANOVA for each dependent
variable was carried out. However, the differences were not statistically signifi-

cant across conditions.

3.2.4. Intersection
The analysis of the mean scores (Figure 12) suggested that FHGP appeared to be
the most effective modality for reducing speed in advance and then maintaining
a slow speed during and after the intersection event. It resulted in the lowest
speed across conditions; before [M = 40.06 (SD = 12.80)], during [M = 37.10 (SD
= 6.44)] and after it [M = 31.55 (SD = 17.43)]. Baseline 2 registered very similar
values to FeDS and SHGP, except after the event.

The mean speed differences were statistically significant for FHGP modality: F
(12, 997.74) = 3.51, p < 0.05; Wilks’ Lambda = 0.90; partial eta square = 0.04,
suggesting that force haptic feedback is more effective than others in intersection

events.

3.3. Subjective Measurements

In this case data failed to meet the normality assumption, so a non-parametric
test for multiple related variables was performed to investigate workload differ-

ences between NASA-TLX variables across all conditions. The rating data were
1

2 .2
—+1)[Z Ri*]-3N (k+1)),

analysed using Friedman’s ANOVA (x’r= Nk (k

where as Wilcoxon tests (W = Zn“@iRi ) were used for the post hoc tests of
means. =

3.3.1. NASA-TLX

Overall, NASA-TLX total score was low in all conditions, as the maximum score
was 14.5 out of a total of 60. Total median scores were analysed for each condi-
tion separately (see Figure 13).

Unexpectedly, experimental conditions reported the highest workload values,
especially those with HGPs (FHGP Md = 14.5; SHGP Md = 14.2). FeDS median
workload values (Md = 12.7) were similar to those observed in Baseline 1 (Md =
12.2). Baseline 2 produced the lowest total workload values (Md = 9.15).

3.3.2. Van der Laan Acceptance Scale
As data failed to meet the normality assumption, a non-parametric test for mul-
tiple related variables was produced to explore Acceptance differences between

system modalities. Below, the average scores of the Van der Laan Acceptance
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Preceding vehicle mean speed (km/h)

100
95
90
85
80
75
70

Before During After
MW Baseline 1 MW FeDS " FHGP B SHGP W Baseline 2

Figure 11. Mean speed values during, before and after preceding vehicle event for each
condition.

Intersection mean speed (km/h)

Before During After
W Baselinel ®WFeDS ®FHGP ®SHGP  mBaseline 2

Figure 12. Mean speed values during, before and after intersection event for each condi-
tion.

Scale are presented separately in their two different subscales: Usefulness (Table
1) and Satisfaction (Table 2). The reader should remember that the punctuation
system is reversed for items bad/good, irritating/likeable and undesirable/desira-
ble, giving a negative punctuation to a positive adjective (-2 to +2) and making
the results confusing. Table 1 shows that FHGP was rated as the most Usefu/in
the first subscale.

A similar term reversal occurs in Table 2, where FeDS appears to be the most
satisfying system modality.

The results of the Friedman Test showed that there was a statistically signifi-
cant difference in variables: Pleasant X* (2, n = 26) = 7.79, p < 0.05); Bad X*> (2, n
=26) = 8.85, p < 0.05); Nice X* (2, n = 26) = 14.10, p < 0.05); Irritating X* (2, n =
26) = 12.23, p < 0.05); Alertness X* (2, n = 26) = 14.86, p < 0.05). Thus a Wil-

coxon test was applied to explore the size effect with a Bonferroni alpha adjust-
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ment to 0.016 (0.05/3) between these variables. There were statistically signifi-
cant differences (p < 0.016) between Pleasant, Nice and Irritating values in FeDS
and FHGP conditions; and in FeDS and SHGP modalities. There were also sta-
tistically significant differences (p < 0.016) in item Alertness between FeDS and
SHGP conditions.

Table 1. Van der Laan Acceptance Scale. Usefulness subscale mean scores.

FeDS FHGP SHGP
Useful 0.7 0.82 0.95
Good 0.56 0.64 0.07
Effective 0.52 0.86 0.78
Assisting 0.63 0.46 0.7
Alertness 0.59 1.04 1.04

Table 2. Van der Laan Acceptance Scale. Satisfaction subscale mean scores.

FeDS FHGP SHGP

Pleasant 0.59 -0.14 —0.41
Nice 0.81 -0.14 0.04
Likeable 0.41 -0.18 -0.3
Desirable 0.63 1.04 0.56

NASA-TLX total score (max. 60)

16
14
12
10
8
6
4
2
0
Baseline 1 FeDS FHGP SHGP Baseline 2
m Frustration m Effort
® Performance ® Temporal Demand
® Physical Demand ® Mental Demand

Figure 13. NASA-TLX total median score.
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4. Discussion

The initial purpose of the present paper was to test the effectiveness of the FeDS
combined with HGPs, to discover whether this combination can teach efficient
driving strategies and facilitate drivers’ decision-making processes. It was also
aimed at assessing whether HGPs help to reduce subjective workload, as the
haptic information presented through the pedals should lower visual informa-
tion overload and therefore decrease subjective workload. It was also necessary
to test user acceptance, which would indicate if the product is desirable and af-
fordable for use in real life.

The study’s sample profile was mainly composed of young people with con-
siderable driving experience, accustomed to and willing to use new in-vehicle
technology. Participants had a positive attitude towards eco-friendly behaviour
and were very open to following the advice provided by FeDS. The sample pro-
file was therefore suitable for the purpose of the present study.

It was expected that analysis of the main results obtained in objective meas-
urements, would show that FeDS and HGPs’ recommendation shelped drivers to
anticipate different events and assisted them with the decision-making process,
reducing speed progressively before reaching the given event, in order to drive at
the recommended speed while negotiating it.

Firstly, in the Curve event, speed differences were expected between baselines
and system modalities before the event. However, no differences were found
when analysing data. This could be explained by participants’ replies indicating
that the curve warning signal displayed in the FeDS device was confusing and
did not actually fulfil its purpose since it always signalled a curve to the right, so
that when in fact it turned to the left, the warning could confuse the driver. Fur-
ther studies need to improve the way curve information is displayed in order to
resolve this problem. Given these results, there is no clear evidence as to which is
the best feedback mode for curves.

For the Speed limit event it was expected that FeDS modalities would help
participants to detect speed limitations and avoid exceeding them. As expected,
speed was higher during the event than before and after the event; once drivers
reached the top speed allowed on the dual carriageway, the system alerted them
and they then slowed down immediately. Differences between FeDS and HGP
modalities were also found. Before and during the event, FeDS registered the
lowest value, whereas, after the event it was the SHGP which afforded the lowest
value, followed by the FeDS. These data clearly suggest that FeDS offers the most
effective warning to avoid exceeding speed limits. Furthermore, participants
agreed that FeDS was really effective and useful for speed management and, es-
pecially when combined with HGPs, it was also more satisfying.

In the Preceding vehicle event, speed differences were expected between the
first baseline and experimental conditions, and also between FeDS and HGPs.
HGPs should help to accelerate driver response on the gas pedal; thus speed after
the event with HGPs should be lower than FeDS and baseline 1. Before the event

it was expected that speed would be quite similar across all conditions; but dur-
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ing the event it should be lower in experimental conditions because of the FeDS
and HGPs effect. However, no differences were found across conditions. Further
research is needed in this area, particularly as participants’ subjective evaluations
suggested that FHGP was really effective and useful for maintaining the safety
distance. Nevertheless, many of them also agreed that it was not useful when
they tried to overtake a vehicle, or when moving from the slow lane to the fast
lane. The pedal should therefore be modified in future investigations in order to
avoid these disturbing situations.

Finally, in the Intersection event, speed differences before the event were ex-
pected between the first baseline and experimental conditions; as FeDS, and spe-
cially HGPs, should help to warn drivers about an imminent intersection and
therefore to reduce their speed before reaching the event. Some interesting dif-
ferences were found across conditions: FHGP registered the lowest values across
all conditions, evidencing its effectiveness above the rest. This may be explained
because FHGP was more intrusive and “forced” drivers to reduce their speed
during the event. Meanwhile, the last baseline showed a similar pattern to ex-
perimental conditions, so maybe future studies could investigat whether partici-
pants learnt to anticipate the event. These data suggest that FHGP is the most
recommendable feedback modality for intersection or roundabout events in
terms of safety and efficiency. Assuming that a roundabout should be taken at
under 40 km/h, the FHGP was the only feedback modality which helped drivers
to maintain this speed. Nevertheless, it should be noted that participants com-
plained that FHGP was actually less effective and useful in roundabouts as it
hampered the natural manoeuvre, hindering acceleration while negotiating the
roundabout. So in forthcoming investigations, the pedal needs to be checked and
fine-tuned to avoid similar disturbing situations; and to allow the driver full
control over the gas pedal during the roundabout manoeuvre.

Having explained the main objective data, subjective measurements will now
be discussed. It was expected that this subjective data would support the main
findings in the objective data previously covered, and furthermore that it would
help to understand the principal limitations and suggestions found in users’
opinions.

The first scale to be discussed here is the NASA-TLX scale. This was admin-
istered in the expectation of finding equal or higher values for FeDS compared
to baseline conditions. HGP modalities were also expected to obtain lower
workload values compared to FeDS, as HGP should help to reduce the visual
overload produced by FeDS’ information display. However, no significant
workload differences were found between baseline and experimental conditions,
and total workload values were unexpectedly low, as the highest median was 14.5
out of 60 in FHGP condition. Notwithstanding, given that the system tested is a
prototype, the feedback provided had its limitations when turning on and off,
and the haptic sensation provided may not have been the most suitable nor
comfortable for drivers. Participants suggested that their perceived workload

might be reduced after increased time exposure to HGPs: so further long-term
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research with a wider sample is needed to ascertain in what way FeDS and HGPs
increase or reduce workload.

The second scale used for gathering subjective data was the Van der Laan
Acceptance scale. It was expected that HGPs would help to increase FeDS ac-
ceptability, as pedals reinforced/backed up the information provided by the vis-
ual channel and made it easier to follow the eco-driving advice displayed. In-
deed, the tendencies observed indicate that the FeDS was in many aspects more
acceptable than both HGPs. Significant differences observed between system
modalities suggested that FeDS was more pleasant, nice, desirable and likeable
than both HGPs, implying that the HGPs should be improved to make them less
annoying for users.

As an alternative, if turning on the FHGP were smoother and less abrupt, this
would help to increase its acceptance. In fact, FHGP was found to be the most
useful and effective feedback modality for learning eco-driving strategies-so im-
proving the force feedback in future investigations in order to make it more ac-
ceptable for drivers would certainly be worthwhile.

Regarding “likeability” differences, one reason why FHGP was perceived as
more /[rritating may again be due to its abrupt activation. Some participants
pointed out that such an aggressive pedal movement with no previous warning,
was confusing, leading them to think that the pedal was broken.

On the other hand, “alertness” differences between FeDS and SHGP suggest
that SHGP is a better solution than FeDS for raising drivers’ alertness, which is
in agreement with the initial purpose of this feedback modality. SHGP was also
the most “assisting” feedback modality, according to reports provided by some
participants. They felt that SHGP was more effective as a warning system than
other feedback modalities, but not when learning eco-driving strategies. This
suggests that SHGP might be a good system to implement in terms of safe driv-
ing as a rapid warning system. However, similarly to FHGP, its main limitation
in the present study resides in its tuning. SHGP was considered as a “bad” sys-
tem modality compared to others. Some participants pointed out in the free text
responses that employing a different vibration pattern, similar to that currently

used in smartphones, would make the SHGP friendlier and more intuitive.

5. Conclusions

This was a first study performed to test and validate the FeDS and its haptic gas
pedal modalities in real driving conditions, in terms of effectiveness and, ulti-
mately, driving safety. Finding significant differences in a sample of participants
well accustomed to trying out new in-vehicle systems suggests that in any future
research with samples of quite average drivers, these differences could prove to
be even more remarkable.

Overall, the main results evidence that the FeDS visual feedback and its FHGP
modality provide the best guidance for saving energy and, in many cases, in-
creasing safety. The FeDS visual feedback is the most recommendable modality

for speed management and energy efficiency, as it provides a helpful aid to deci-
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sion-making and learning processes for eco-driving strategies. However, the
FHGP feedback modality is mainly recommendable at intersections or round-
abouts. Participants’ subjective assessments clearly support these main findings.
Workload measurements evidence that despite the need to improve some fea-
tures, the visual feedback provided by the FeDS and the haptic feedback pro-
vided by the HGPs do not substantially increase perceived workload. In fact,
those feedback modalities were well accepted in terms of usefulness and satisfac-
tion. Although the main system design limitations resulted in both being awarded
unfavourable “likeability” results. However, being optimistic, system improve-
ment is possible, so it is to be expected that in further research drivers would
eventually be satisfied and would request installation of these systems in their
own vehicles as another on-board aid system.

One more relevant result that cannot be ignored is the learning effect ob-
served in the second baseline. It is very promising for FeDS to generate a learn-
ing effect in drivers after approximately just one hour driving with it, but in fact,
some drivers also showed an eco-driving learning process in the second baseline.
This effect had also been observed previously in Beusen et al [44] who studied
the impact of long-term exposure to an eco-driver system and observed lasting
differences among drivers, most of whom made permanent improvements to
their driving habits. Although such durable differences have not been studied
here, they clearly support the principal findings in the present study. This offers
new evidence to support FeDS’ main purpose which is to reduce energy con-
sumption through efficient driving strategies and facilitate drivers’ decision-
making processes through different feedback modalities.

All in all, the main results discussed here are only partly in agreement with
previous ecoDriver research that tested the FeDS system in driving simulators.
Hibberd et al [7] found that visual feedback was more effective than haptic, but
increased subjective workload, whereas this study suggested that visual feedback
did not increas workload when compared to haptic feedback: both were similarly
effective. Jamson et al [15] found that FHGP was the most effective modality for
energy efficiency in scenarios where drivers were required to decelerate; which is
in agreement with the results found here in the intersection event. However,
further study by Jamson et al [9] demonstrated the benefits of both visual and
haptic systems for providing eco driving feedback on efficient accelerator pedal
usage.

For future research, the next step is to compare other feedback modalities in
real driving conditions, for instance, testing the FeDS with visual and auditory
feedback modalities, as auditory information may be useful in some circum-
stances where visual information causes overload. It would also be interesting to
carry out a longitudinal FOT comparing both HGPs specifically for different
events. The FHGP could be used in situations where it has shown its effective-
ness, but SHGP could be tested in new scenarios as a warning feedback modality.

The author of this study believes that road and transport researchers into eco-

driving solutions should concentrate their efforts on performing FOTs in order

K2
+%%, Scientific Research Publishing

21



J.R. Perellé et al.

to validate the most effective feedback modalities and to integrate these into

production vehicles incorporating these solutions into our daily life on the road.
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