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UHW Minimum headway

UNIVLEEDS University of Leeds (UK)

VTI Statens vagoch transportforskningsinstitut
WL Total workload

WP Work Package

XSP Maximum speed
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1 Introduction

TheecoDriver project seeks to develop and deliver effective guidance oiSfdefF A OA Sy (i- RNA O A
RNAGAYy3AQ0 (i KNP dz3 Kehiofe Ki&hndldbids gankda the2 gptimizafion afythe driver
powertrainenvironment feedback loop. A particular focus iscpld upon the driver of the vehicle,

and the role of theibehaviourin affecting the energy efficiency of the vehicle. As a consequence, the
technologies developed aim to work with the driver to allow them to behave in such a way as to
successfully conseevenergy and reduce vehicle emissions.

An objective of the project is to determine the best methods for deliveringd¥ong information to

the driver, whether that be the modality of information delivery or the style in which advice is
provided so aso maximize the engagement of the driver with the technology. This report focuses on
the production of irvehicle system ecdriving guidance methods that are useable, useful and
desirable for the driver to interact with. A number of important themes adldrassed, including the
type of invehicle humarmachine interface (HMI) that the final ecoDriver system will utilize, and the
possible methods and outcomes of system personalizatfamionsthat will beoffered.

The list belowoutlinesthe aims of theecoDriver project. The objectives highlightedréd are those
specifically add¥ssed in this report.fle nature of this work means that it has the potential to inform
subsequent work on thalesign of the ecoDriver system, and therefore additional aims bmy
covered to a lesser extent.

1. Investigate how best to win the support of the driver to obtain the most eneffjgient
driving style for optimal energy use, with regard to preview, the current situation, and post
drive feedback and learning

2. Assess thiacross a wide range of vehiclese.g. cars, vans, light and heavy trucks and buses
¢ covering both individual and collective transport

3. Explore and evaluate alternative HMIs and styles of feedback

Consider driver behaviour with a wide range of current ardre powertrains, including

internal combustion (both petrol and diesel), hybrid and electric, and provide the optimum

advice for each powertrain

Consider driver style, driver learning, and consider how the systems can affect driving style

Look at thempacts of eceadriving support on driver attention and safety

Look at a variety of impacts: g@®IOx, particulates etc. and the balance between impacts

Consider how the observed effects on driving style would affect netwdk energy use and

a variety ofaspects of network performance including network efficiency

9. Consider scenarios for future powertrain adoption, and howedeing might affect the road
networks of the future

10. Perform a cost benefit analysis considering a range of scenarios of powerddtian

»

© N o O

The eventual target of the ecoDriver project is to deliver a 20% improvement in energy efficiency by
autonomous means alone, thus creating the possibility of additional energy savings when applied in
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combination with cooperative systems. The desaj intelligent, intuitive and acceptable eciviving

HMI and feedback and advice strategies (FAS) will also contribute to the European 2020 goals relating
to reduced vehicle emissions and energy use in the transport sector, and the conselgoesdse of
negative impacts of transport on the environment.

1.1 WP12 objectives

Work Packag€WP)12 is one of five componenwork packages in St®roject (SP)1: Supporting
Drivers in ecoDrivingt is heavily informed and influenced by the previous stft¢he-art literature
review conducted inWPL1 Envisioning new systemisThe work conducted in WP12 involves
laboratory and simulator testing and is required to inform the design of an ecaleysatem for test
in the realworld trials of SP3. This in turn will lead $4 and SP5 in whielssessments of system
effectiveneswwill be conductedas well as calculations pbssibleoutcomes resulting from future use
of the systemFigurel).

5F1
Supporting drivers

5P
Scaling-up and

Inecobriving fulure casting
Feedback
) -
spg
ulcﬁ;ﬂ;:mrgf Evaluation of
use and emissions effectiveness
Development Analyses

3

epa Real world
Systems Real-world trials data

Execution

Figurel: Relationship between subrojects

The central aim of WP12 was to consider how to enhance the likelihood of a driver response to in
vehicle ecedrivingguidance through the design and delivery of effective and acceptable presentation
methods. The rationale behind this approach is that certain methods of delivery are more likely to
encourage drivers to adhere to the advice. The work conducted in WP1Reisegsary milestone in
advance of the full system evaluations that are scheduled to be performed in WP13, and thus the
work reported below forms an important piloting stage for a range of feedback solutions (when and
where the guidance is formulated) attMI (how the guidance is presented, e.g. using sight, sound or
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feel). The output of this work is the development of recommendations for-d¥dong advice
presentation, both in terms of the modality of delivery and the information contained within the
guidance. The hope is that these pilot experiments have allowed early testing of bothmudgl and
uni-modal methods of ecalriving advice presentatiorg using both vehicle and nomadic device
systemsc that are applicable to both private and commercial i drivers. Throughout, the
measurement of objective driver performance data has been combined with subjective feedback to
allow meaningful conclusions to be drawn regarding the HMI required to maximise system adoption
and utilisation while minimising negative consequences such as workload and distraction. Driving
style assessment offers an additional means to tailor-@gang system characteristics for the
purposes of ensuring effective use and driver comfort and enjoyment.

The overall goal throughoutVP12 is to learn more about effective feedback methods, as we work
towards a single, effective ecoDriver system concept, which contains flexible and varied methods and
rules for ecedriving feedback presentationThis approach is necessary to allow thetam to be
tailored to each specific driver. It is planned that the diverse strands of work presented in this
deliverable will be combined to construct a unified system for further evaluation (WP13) and later
realworld testing.

WP10
Technical coordination
and interactions

WP11 E WP15

Envisioning new Final in-vehicle
systems i ! integration
! 1

i WP12
Feedback to support
eco driving

Preparation ; = =R ack S0TUto i Z Development

________________________________________________________________

Figure2: Flow diagram of relationships between SP1 Work Packages
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1.2 This report

This report contains an overview of work performed thyee partners in the ecoDriver project in
WPL2; the University of Leeds, TN@&nd CRF A diverse range of research quiests have been
addressed across partners (includiegdback modality selectigrsystem HMI personalisatiobdsed

on driver style and/or driver preferencajithin this work package. The conclusion of this deliverable
draws together all findings to presennified conclusions to inform future stages of the projethe
structure of the deliverable is outlined below:

Chapter 1, the current chapter, summarises the objectives of this work package, and positions this
work within the ecoDriver projecAnoverview of the deliverable is also provided.

Chapter 2 addresses the first of two studies conducted at the University of LiebdiddWP12a).

This study used a driving simulator to conduct paired comparisons of a range of potentdieicg
interfaces. These systems were specifically designed to guide drivers towards the most fuel efficient
accelerator pedal position during a speed change scenario. The report discusses three systems that
present guidance via a variable glass dashboard display, thedecombine this information with
auditory tone alerts, and six that utilise a haptic gas pedadwly-installed for the ecoDriver project.

The use of an active gas pedal was detailed in Task 12.2 of the DoW thehibgpid prototyping
approach coverthe requirement for multimodal invehicle and nomadic device feedback specified in
Tasls 12. 1and Task12.2. The objective of WP12a was to identify the most effective systems to
introduce into a more realistic, extended drive with a wider range of-éiddng scenarios. The
chapter concludes with a selection of those systems based on the objective and subjective data
collected.

Chapter 3 describes the second study conducted at the University of Leeds (WP12b). This study builds
on the work performed in WE2a to test three selected eedriving systems more extensively. The
range of ecedriving scenarios are extended to include speed increases, speed decreases and speed
maintenance events, thus dealing with Task 12.1 (Description of Work), which speciies th
development of controlled and repeatable eddving scenarios for test. Again, the edoving advice

is aimed at guiding drivers towards fuel efficient use of the gas pedal, with multiple systems
modalities under test, thus fulfilling the task of tewji an algorithm that can provide retiine eco

driving advice in response to driver behaviour. This study focuses on driving with these systems over a
longer period and considers subjective workload, distraction and system acceptability alongside
objective driving performance measures. The data collected are used to make recommendations
about the most effective, useful and acceptable method of-édeing guidance presentation in the
driving scenarios tested, as specified in Task 12.2.

Chapter 4 discusses eattage work on ecdlriving system personalisation, which is being conducted

at TNO. The rationale for this work is the likely benefits for@mang system acceptance that could

be gained from providing the driver with feedbackdaadvice that is personalised to their specific
driving style. This chapter discusses the way in which different driver types can be detected (Driving
Style Estimator), and the reasoning for the choice of the different HMI (Driver Feedback Interface) to
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present to each driver type. This work specifically fits with Task 12.1, whereby it is predicted that an
ongoing assessment of driving style can be used to optimiseleeing feedback to individual drivers,
thus improving its effectiveness.

Chapter 5 dscribes further work on the personalisation of the ecoDrisygstem through a combined
benchmarking and brairstorming exercise conducted by CRF. There are similar motivations behind
this work to that presented by TNO in Chapter 4, in that a-dedignedand personalised system is
likely to foster more effective, frequent and enjoyable use than awesdbkconsidered design. In both
Chapters 4 and 5, the primary focus of the personalisation is on the visual HMI of the ecoDriver
system.

Chapter €finalises the report and draws together the important findings from the prior studies that
can be used to inform the design of future work in the ecoDriver project. Specific recommendations
are made that can be applied to the selection and design of studies itk Wackage 13 (specific
partners are mentioned), which focuses on the evaluation of different HMI and feedback and advice
strategy (FAS) options in a controlled experimental conféixe purpose of this section of the report

is to combine the coordinated search of multiple partners to make progress towards the
development of a singlentegratedecoDriver system concept at the conclusion of WP13.

The content of this deliverable is heavily focused on the experimental work of a single partner
(University ¢ Leeds), with addibnal supporting work from two partners (TNO, CRFhe scale of
these contributions reflects the total person months used by each partner at this stage of the project.
It should be noted that in certain cases, experimental work plarfioednclusion in WP12 has been
moved to WP13, which further explains the inequalities in the amount of work presented per partner.
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2 Rapid prototyping of design optiong (UNIVLEEDS)

2.1 Introduction

Minimizing fuel consumption has many advantatgeshe average motorist, including a reduction in

the cost and impact on the environment associated with a particular journey. Savings will continue to
be made as vehicle and engine manufacturers continue to strive towards ever more efficient engines,
however, even without complex powertrain modifications, significant gains can be made by modifying
driver behaviour. By advising a sample of motorists to optimize a drive profile through the elimination
of unnecessary idlingnd adjusting acceleration rates @rcruising speeds to ideal levelGonder,
Earlywine & Sparks (2011) reported-ad fuel efficient improvements of between 30% and 60%.
However,it is doubtful thatsuch largenumbers are sustainabl@ the long term aghey tend to be
observedonly directly after training (af Wahlberg, 2002Hence, the development of an dioard
system to continuously support the drivertimeir continued search of optimum fuel efficiency seems
logical. Indeed, several vehicle manufacturers are developing or have gedelessual HMI which give
continuous iRl NA L) RIF aKo2FNR AYTF2NXI (A2Yy ddvingifdelekalddell |y
aedaitsSya adzBeoAssiE C BHIRGAgR NJ . Eeéokré

Fundamentally, study WP12a was designed to rapidly prptotyie most appropriate style of tnip

ecodriving feedback style. Rather than evaluating the performance of a specifdrieag algorithm,

it focussed more generally the relative merits mbdality. visual, auditory and haptic guidance to

support drivers in achieving speed changes in an-g@mdly manner through the selection of the

Y2&0 aF LIINBLINREFGSé€X 2NJ SO2y2YAOIt> 3AFa LISREE | y:=

(e

58t ABSNIo6tS s5mmomQa SEGSyY A HGvaiBesisemmnfanied thek S £ A
design of thesegeneric visual, auditory and haptic styles of feedback (HMI). A range of HMI was
developedc inspired by prior research in the eclriving domaing each supported by an arbitrary
algorithm requiring a specific gas pedal angle in a driving scenario thairedgspeed changes. The
information delivered can be considereds feedback due to its evolution based on driving
performance in the moments beforehand. However, the guidance itself is very much feedforward, in
the sense that it provides the driver witmaopportunity to manage their future driving to ensure
economical performance. The further enhancement of these support systems comes in the form of a
reaktime evaluation of driving style, and subsequent attempts to tailor guidance delivery strategies to

the individual driver. This work is discussed furtheChapterst and 5

2.1.1 Visual and visual/auditory driver feedback

There is an extensive literature base that considers the use of-moltial feedback in a number of
applications such as eatriving, collsion warning, speed choice assistance systems. Specifically, it has

been observed that the addition of an auditory component to a visual feedback device can have

LR AAGADS AYLI OGa 2y FdzSt STFAOASyOe (2s¥stetn (KmA Y RA @,
& Kim, 2012). For this reason, the possible benefits of a smdtal ecedriving support system are
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considered through testing of the same three visual displays with an addition auditory information
tone. However, the potential for irritatio must be considered alongside any observable benefits in
driver performanceAdell, Varhelyi & Hjalmdahl, 2008)

On the whole, visual imehicle ecedriving support systems appear to be better researched than
systems that focus on other modalitieRdkauskas et al., 2010; Meschtscherjakov et al., 2009).
However, here is ample reason to suspect ttgtchcontinuous visual displays may cause undesirable

side effectsthrough driver distraction (see Regan, Lee & Young, 2009, for a revAd@jnative
feedbackmodalitieshave great potential,n particular haptic feedback via tlgas pedal, aarguably

gas pedal position is the singhaost influential factoron excessivefuel consumption By acting

directly, at source, lonterm economies may be achievdd { dzOK A& GKS (KS2NE
EcoPedalwhichcounteracts excesee pressure onthed - & LISRIFf o6& Ay ONBI aAy3
force.

2.1.2 Hapticdriver feedback

The use of a haptic gas pedal is a novel approach -teliicle information presentatiorand has
potential benefits for driver distraction and safety. Previous literature sugdkatshaptic gas pedals

are anappropriate support mechanism to assist the driver in search of maximum fuel economy
(Reymond & Merienne, 2011; Larsson & Ericsson,92@0ell, Varhelyi & Hjaimdahg008). A
significant body of literature now exists to support the use of such haptic gas pedals. For example,
Adell, Varhelyi & Hjalmdahl (2008) conducted field trials of Intelligent Speed Adaptation in which forty
private \ehicles were equipped with two systems aimed at governing excessive speed: an active
accelerator pedal (AAP) and nbaptic interface which warned via a short 3500Hz tone every 1.5s,
accompanied by a flashing red dashboard light, when the speed limitxcaeéed. Results show that
both systems reduced the mean and"88ercentile speeds, but that the AAP was the more effective
and greater preferred of the two systems. Similatlgrsson & Ericsson (20d8und that a haptic gas
pedal, installed on a fleebf four postal delivery vehicles, significantly reduced periods of high
acceleration. Comparable simulator studies have also demonstrated that the benefits of haptic gas
pedals over analogous visual dashboard systems include reduced driver worRioad, (Young&
Weldon, 2010and reduced emission&tzj Reymond, Mérienn& Kemeny, 2011

However, few publications have investigateow the haptic interfaces are controlled in terms of their
mechanical operation. The principal exception is Mulder (2007), who investigated haptic gas pedal
feedback and design for the support of safer-fritowing on the proviso that thé &sign of a haptic
gaspedal feedback sensan has noreaf A TS S| tz gdcdssShadilargély been an heuristic
process ® adzZ RSNRa STFF2NIa Odz YAyl ( 9vider wan PaasseRIA GA y 3
Abbink 2008) in which two conditions of haptic intereaavere trialled along with a baseline
condition: forcefeedbackand stiffnessfeedback

Based on an algorithm that centred on time headway and inverse-tinentact, the two haptic

conditions provided increased gas pedal loading as, according to thi fegedback logic algorithm,
following conditions became more hazardous (see Mulder, 2007, for details on the implementation).
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In the force feedbaclcondition (dashed line ifrigure3 left), the gas pedakpring stiffness remaed
constant, but an offset forcevasapplied such thata greater pedal effort warequired to maintain a
particular gaspedal position In the stiffness feedbackondition (dashed line ifrigure3 right), the
algorithm adjustedhe pedal stiffnessdradient of the force/displacement graplkuch that, although
no immediate change in force could be felt, iresed effort was required to depress the gas pedal.
Force feedback is independent of pedal position, whereas stiffness feedback is not.
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Figure3: Gas pedal positioforce profile for force (L& stiffness (R) feedback (Mulder et al., 2011)

Results showed that, compared to baseline standard feedback (solid IFigure3), drivers adopt a
forcetask strateyy when presented with haptic feedback, which leads to small improvements-in car
following performance (less variation in time headway and inverse-toreontact) through reduced
pedal activity. Of the two interfaces, stiffness feedback was preferaltierims of reduced gas pedal
activity, lowest variation in pedal force and increased headway.

The above literature review provides a useful background for the selection of modalities and
presentation characteristics for feedforward edaving guidance to & tested in the following
studies. The provision of visual information to the driver is very much the default approach in the
vehicle, especially for complex information that needs to be accessed and understood rapidly. This
work will include an auditory amponent with half of the visual messages, to test whether the
potential benefits of this presentation method outweigh costs such as driver annoyance or frustration.
The utilisation of a haptic gas pedal represents a relatively novel methodwehicle nformation
delivery, especially in the edatriving domain. Two methods of gas pedal feedback delivery are
considered in this study based on previous work (force feedback and stiffness feedback). However,
there will be a more irdepth analysis of the impacitf specific parameters relating to the strength of
these two types of feedback, and the resulting experience of the driver in terms of their success on
the ecodriving task.

2.2 WP12a objectives

The objective of this study was to evaluate generic visualiaVauditory and haptic ecalriving

support systems, and to evaluate their potential to provide persuasive feedback (Meschtscherjakov et
al., 2009), based on Ecological Interface Design (Rakauskas et al., 2010). Systems are characterised
fundamentally by heir overarching modality, with each modality possessing an underling individual
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RSaA3Iy OFdS3I2NRalGA2ye | SyO0Ss y2 RSaAdy akKkz2dzZ R
feedback and ready for implementation, but design standards that can be addptgutovide
fundamental guidance in the future design of esriving systems. Future specific implementations to

FAG LI NIOAOdzE I NI SKAOES YIydzFlF OGdzNBENDA G0N yRAYy3IE

2.3 Ecadriving feedback design

2.3.1 Visual and visual/auditory supporsystems

¢ KNBES RAFFSNAY3I @Aradadt RAaLII&ad 6SNB RSAAIYSR o
O2RSR d¢h9a RIaKo2INR RAaLXFIe@é¢d Ly Fff OF&aSaz oKSE
participant is driving at (or close to) thiarget gas pedal angle, considered most appropriate for eco

driving. A blue display indicates an inefficient gas pedal position, specifically-acceration, while

a red display is also inefficient, but in this case due to excessive accelerationhrébedisplays

provided varying levels of first order (pedal error: actual v desired) and second order (pedal error plus

rate of change of pedal error) information at an abstract and contextual level.

2.3.1.1 Dot

This system was inspired by the Honda EcoSpeedamagedescribed by Meschtscherjakov et al.
(2009).This displayHigure4) provides first order information, specifically the accuracy of the current
gas pedal positio. The direction of pedal adjustment can be inferred from the current colour of the
display, but no information is provided regarding the rate of change required. Given an available gas
pedal travel to 100%, if the pedal error is within £1%, a green ddtas/n at the centre of the engine
spedl indicator. The colour Gourauzends between green to blue over a 5% range, such that if the
pedal error was6% or less, a full blue dot appears. For excessive pedal, the dot blended from green
to red over a 5% rage, full red being achieved when the pedal error is +6% or greater.

Insufficient gas pedal pressure Appropriate gas pedal pressure Excessive gas pedal pressure

Figure4: Dot visual ecedriving support

2.3.1.2 Gauge

This systemwvas inspired by a collection of moving bar displays found previously to be both acceptable
and intuitive for conveying fuel consumption informatidRakauskast al., 2010). This display uses a
central, narrow green bar to indicate good performance. Tlas ibcreases in size as pedal error
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increases, with the direction of the increase determined by the type of error. With larger magnitude
errors, the bar also changes colour, in line with the colour scale defined abobetor

The Gauge (Figure 5) is more informative tha the Dot, in that t also provides secondrder

information: pedal error and rate of change of pedal error. As a result, this display conveys
information about both the accuracy of the current gas pedal position and the rate of the change
NEBIljdzA NER (G2 | OKAS@S WARSIftQ Fdz8f STFAOASyOeo |
to the specific task of increasing or decreasing gas pedat.ang|

Insufficient gas pedal pressure Appropriate gas pedal pressure Excessive gas pedal pressure

Figure5: Gauge ecdalriving visual support

2.3.1.3 Foot

This system was inspired by thiissan EcoPedak described biveschtscherjakov et al. (2009), and
employs seconarder information, but with appropriate context in the image of a foot/gas pedal
combination (foot and grey line iRigure6). The grey line shows the current gas pedal angle. The
desired pedal angle is displayed by a dashed, white line. The display changes colour in line with the
Dot and Gauge the colours again conveying the accuracy of the current pedal positiomagadf

change information. The foot/gas pedal combination move in the display, similar to the motion of a
gas pedal in reality. The eONRA @AYy 3 Gl a1 A& I O002YLIX AAKSR o0& YIFGO
L2aAGA2yQ fAYyS gAltiknlidteKS RIFaKSR WRSaAaANBRQ L1223
Footis similar toGaugein that it provides secondrder feedback on current pedal position and
feedforward information about the magnitude of the change required to correct any inaccuracy, but

in a style with a suitable visual context, paré&dt Ay 3 (G KS RNAGSNR& | OdGdz £ I 2

Insufficient gas pedal pressure Appropriate gas pedal pressure Excessive gas pedal pressure

Figure6: Foot ecedriving support
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2.3.1.4 Complementary audio

Each of the three visual displayescribed above could be presented both with and without
accompanying, complementary, directional audio alerts. A predominantly low frequency (512Hz) tone
GAAYATEFNI G2 | (G8LAOIt GSKAOES GaOKAYSéED ol a LINBa
applied to the gas pedal and a high frequency chime (predominantly at 1770Hz) to indicate excessive
pressure.This selection was made based on pilot work, to ensure that the two tones were easily
distinguishable during background engine noise.

2.3.2 Haptic support systems

tg2 2F GKS GKNBS KIFILIIAO FSSRol O1 OLISRIdceahdSSt v &
stiffnessfeedback. Given these observations (stiffness feedback better suited to haptic gas pedals
feedback in support of Forward Collision Warning), it was hypothesized that a similar pedal feel would
benefit the management of inappropriate gas pedal activityné¢de a third, adaptive stiffness

feedback was also defined. Each are described in the following sections and illustrated below. Each
style was presented at low and high levels of intensity, such that six haptic designs efxisted:

feedback (low and hhy, stiffness feedback (low and high) and adaptive stiffness feedback (low and
high).

Given a driving scenario that required a speed increase (see S2df)prach haptic feedback design
consisted of two profiles:

9 cruise - gas pedal to achieve ealriving advise for constant speed (arbitrarily selected at 7%
gas pedal angle)

9 accelerate gas pedal to achieve eglriving advice for gentle acceleration (arbitrgrielected
at 23% gas pedal angle in order to require a noticeable increase in pedal travel, but still at a
relatively low, i.e. green, level of acceleration)

Force feedback Stiffness feedback
= = standand ——cruise ----accelerate

Adaptive stiffness feedback

- - standard ——cruise -~ accelerate - - standard ——cruise - accelerate
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Figure7: Haptic feedback conditions evaluated

2.3.2.1 Force feedback

In the force feedback condition, a significant extra force was required by the driver to further increase
gas pedal travel beyond either 7% (wherciniseprofile) or 23% (when iaccelerateprofile). For the

low force condition, the step changa force was 20N, whilst in the high force condition that was

D12.1: Multimodal invehicleand nomadic device eedriving support for car drers(version7,201403-10) 11



eccoDriver 2. Rapid prototyping of design optiogg UNIVLEEDS)

R2dzo0f SR (G2 nnbd ¢KS 71 2NI H®?: GlYySSLRAYyilé Ay S|
idealized throttle angle.

2.3.2.2 Stiffness feedback

In the stiffness feedback condition, the guide kneepoiaswa distinct change in pedal stiffness, rather
than a step force for drivers to overcome. For the low stiffness condition, the gradient changed from
the standard stiffness of 0.2N per percent pedal travel to 1.45N per percent pedal travel, whereas this
was doubled in the high stiffness condition to 2.9N per percent pedal travel.

2.3.2.3 Adaptive stiffness feedback

The adaptive stiffness condition used the same profile gradient as stiffness feedback, however, it
differed in its transition from cruise to acceleeaprofiles. This rationale was because whilst stiffness
feedback gives a clear indication to remove pedal force through increased pedal load, it gives no
indication of when to increase it. This is because at the 7% kneepoint, both profiles result imihe sa
pedal position for the same pedal forcEhe adaptive feedback system provides guidance when an
increase in pedal force is necessary, by reducing the force with which the driver needs to push to
create acceleration, relative to the stiffness feedbacktemy.

2.4 Apparatus

WP12a was performed using the University of Leeds Driving Simukatpiré8). The simulator cab

was modified for the ecoDriver project to replace the existing gas pedal, and its inherent stiffness
properties, with a new haptic gas pedal such that up to eleven different profiles of pedal force and
pedal travel can be predefinedh& haptic gas pedal is physically linked to a servo motor mounted on
the dynamic platform, on which the simulator cab is mounted. By controlling the motor torque and
position via a Baldor Mint Drive, pedal feedback up to 200N can be commanded. The system
bandwidth is in excess of 15Hz.

Figure8: University of Leeds Driving Simulator with vehicle cab and haptic pedal design

I FAdZNIKSN) SO25NAROSNI Y2RAFAOIGA2Yy 61 & YIRS G2 0
dashboard:a modifable dashbord instrument cluster arrangement visi®@lS R GAl (g2 71 dpé
colour LCD monitors built into the existing simulator daigre9).
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Figure9: Newlyinstalled 'glass' dashboard in the University of Leeds Driving Simulator

The simulator system collects data relating to driver behaviour (vehicle controls), the vehicle (position,
speed, accelerations, etc.) and other amtonous vehicles in the scene (e.g. identity, position and
speed) at a rate of 60Hz. Eyracking data is colleetl using aSeeing Machines faceLAB v5.0 stereo
camera pair, which allows the recording of many -egkated variables of both driver attention .G

gaze location, fixation duration) and driver state (e.g.-elgsure, pupil diameter, blink rate).

2.5 Experimental design

2.5.1 Paired comparison

The experiment was devised in a paired comparison design to facilitate the rapid prototyping
approach of WP12aThe intention was undertake a form of rapid prototyping to evaluate which
haptic designs merited further evaluation over a longer time frame in a subsequent study (WP12b).

In a paired comparison, objects are presented in pairs to one or more judges, iehubliged to
choose between the two based on pdefined criterialn its simplest form, paired comparison profits
from its reduction of the area of possible disagreement between judges to an absolute minimum. If
more than two objects exist, the pairs cée ordered in such a way that each judge pronounces a
verdict on every possible combination; this is known dmknced designThe qualitative nature of
forming such a subjective opinion and the inherent difficulty in maintaining a linear scale, thieced
use of aPaired Comparisoas the most robust method to facilitatthhe comparative judgmers. The
technique is commonly employed when objects can only be compared in a highly subjective fashion.
By summing the scores (the number of times an objectré$epred over a competitor), the paired
comparisorallows a test of equality in order to assess the significance of any variation in those scores.
The method is analogous to thesEatistic in ANOVA.

The null hypothesis under test is, for iallpto t:
'O q)u p
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In the equation belowD,, varies as & distribution witht T 1 degrees of freedom:

0 1 (I)TEdl:()p 2o

whereB @ is the sum of the squares of the scores.

At a particular confidence levetQis rejected if the value dD, exceeds or equals the corresponding
critical value.

The above test is comparable to discovering the existence of a main effect in any particular
experimental factor.The posthoc test, which determines to what extent the levels of that factor
differ from one another, is obtained from a Least Significance Difference of the overall rating scores.
For a twasided test at a particular significance level, a critical valug)(im calculated such that if the
difference between total scores exceeds this vathe difference between those score can be proved

at a particular confidence level

a @ P &0 p
Where:
Z.itis the Zscore for the percentile point of the significance level in question

nis the number of judges
t is the number of repetitions of each paired comparison per judge multiplied by

2.5.2 Fully balanced design

The six visuallvisuaudio feedback systems (Dot, Gauge, Foot with and without complementary
audio) and six haptic systems (force: low/high, stiffness: low/high and adaptive stiffness: low/high)
were designed to provide feedforward ediving guidance tahe driver. Participants performed
paired comparisons of the six visual/visaaldio and the six haptic systems and between the
visual/visualaudio systems on separate visits to the driving simulator.

A paired comparison is most efficient when all juslgate objects in all combinations, known afsilly
balanced designhence each participant was presented with all possible pairs. For a group of six
conditions, there are 15 possible paired comparisons to be made. However, even with such a design,
it is possible for judges to experience order effects, where their perceptions change either due to
familiarity or over time. Similarly, cargver effects are possible where perceptions are potentially
altered due to preceding objects. In order to limit thesHeets, countefbalancing the order of
objects presented to judges for rating must be carefully controlled.

The number of participants employed in this study did not permit full counterbalancing of the order of
system pairs, however partial counterbalamgiwas performed (Russel®80) shown inTablel.
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Tablel: Partial counterbalancing of paired comparisons (15 experimental paifsyefe to the six versions of
the ecodriving system per modality.

Pair number First . Secom_j
presentation | presentation

1 Practice Practice
2 A B
3 C F
4 B C
5 E F
6 D E
7 F A
8 A C
9 B D
10 E A
11 F B
12 C D
13 B E
14 A D
15 C E
16 D F

2.6 Drivingscenario

In this study, a successful feedback and advice strategy (FAS) was considered one that encouraged the
driver to select a particular gas pedal angle. A reasonable, but arbitrandraéog algorithm
therefore was designed to guide drivers towardstarget gas pedal positiog in terms of fuel
efficiencyq when performing changes in speed on a flat road with straight and curved sections. The
driving scenario Rigure 10) simulated was the exit from a built up area (speed limit 40 roph
64.4kmb into a rural area (speed limit 60 mph 96.6 kmbh.
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©__#

Maintainspeed [ Increasespeed Maintain speed

FigurelO: lllustration of driving scenario showing the required speed changes (Crulsedlerate, Cruise 2)

The entire driving scenario lasted for just 30s and could be subdivided into three 10s subsections:
initial drivingon a curvy roadt 40mph(64.4km/h)in the village Cruise }, aspeed increase to 60ph
(96.6km/h) on a straight rad exiting thevillage fccelerat, and maintaining @dph (96.6km/h)

speed limiton a gentle curvén the rural areaCruise 2 In each of the three phases, the edaving
algorithm provided guidance towards the target gas pedal position. Participants were informed that
adherence to this advice was the most appropriate manner to achieve maximum fuel economy for the
given scendo. The task of the participant was to achieve the target gas pedal positions of 7% in the
initial 40mph (64.4km/h)cruise phases, increasing gas pedal travel to 23% for the intermediate
acceleration phase, before returning to 7% for the subseqé@ntiph 06.6km/h)cruise phase.

2.7 Experimental procedure

After arrival, briefinggee pl111) and informed consent, participants first underwent a familiarization

of the 3G scenario. After gas pedal was depressed, the visual scene faded up over 1s with the
participant travelling adOmph (64.4km/hjn the urban section, but in full control of the vehicle. After
approximately 10s (cruise phase), participants passed a siginiqicating an increase in the speed
limit from 40mph (64.4km/h)to 60mph (96.6km/h) They then had 10s to accelerate fratimph
(64.4km/h)to 60mph (96.6km/h) the appropriate time for this speed increase if they achieved the
desired 23% gas pedal pasit for this accelerate phase. After a further 10s of cruisés@mnph
(96.6km/h) the visual scene faded back to white. Accompanied by a researcher, participants practiced
this scenario on six occasions with standard (constant stiffness) pedal feedbaek. tHdén
experienced each of the six experimental conditions twice in order to get a feel for how they differed.
5dzZNAyYy 3 GKA& LINF OGAOS LKI &Sy GKSe Ifaz2z KIR &aLISSR

After familiarization and a short break, participantsamtered the simulator alone to undergo the
same scenario in which each of the six experimental conditicer® presented in dalancedpaired
comparison desig(iTablel). No speedometer advice was provided to ensure that participants could
not simply match the speed limit of the road, but had to utilise the-ddwing advice to achieve this
driving task approprigly. Paricipants experienced the cruise>acceleratguisescenaio with every
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combinationof the haptic pedal conditions presentéd pairs, before making a forced choice based

2y GKS ljdzSadAizy a2F GKS (g2 aeéais Ypiae gaskpadalK 3 dzA
L2 A A GtARNIKEOA LI y(AQ 2LIAYA2ya 6SNBE IAGBSYsIT gAGK2dzi
to perform most fuelefficiently in reality.t NI A OA LI yiaQ NBalLRyasSa ¢6SNB
experimenter. With six conditions, fifteerpairs were required for a fully balanced design. Order

effects were managed by adjusting the presentategquenceaccording to a Galois field theory

(Russell, 1980)

2.8 Participants

Twenty-one driverstook partin the study. In an attempt to obtain a representative sample of the
driving population, the sample wasell-balanced for genderage, driving experience and annual
mileage Table 2). One participant withdrew after his haptic drive, resulting in N=21 for the
visual/visualaudio comparison and N=20 for the haptic comparisédi. participants had prior
experience of the driving simulator so as to minimise individuéminces in vehicle control which
could impact on performance of the eclriving task.

Table2: Participant sample characteristics

Male (n=10) Female (n=11)

Mean SD Max Min Mean SD Max Min

Age (years) 332 | 139 60 20 359 | 13.9 59 22

Experience (years) 15.5 13.3 43 2 154 11.9 34 2

Annual mileage (mi) 12200 @ 7350 25000 | 5000 8200 4050 15000 | 3500

2.9 Results

2.9.1 Subjective data

2.9.1.1 Haptic conditions

The subjective preference data were reduced to the overall rating scores for each haptic pedal
condition throughout the paired comparison. Wif® participants and each system experienced on
five occasions (each compared against with its competitors), the maximum score for each condition
was100. Subjective preference data were analysed according to gopaoametric test of equality. At

the 95% cofidence level, the Least Significance Difference method suggests that a significant

difference between condition scores occurs when the critical score differémgg) is15.

Figurel1l shows the absolute number of pairs in which a particular system was preferedie 3
shows which of the system comparisons produced signifidéferences in terms of the number of
times that a particular system was selected as a more effective method for delivering gas pedal

position guidance; i.e. the score difference between a pair excéggg A clear disposition towards
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the high feedbaclkystems over their weaker strength (low) counterparts was observed. However, the
difference between the feedback systems was not so clear. Whilst high force feedback achieved
significance in its popularity from adaptive stiffness, this was not quite dstmaed for its
comparison with stiffness feedback. (It should be noted that high force was preferred significantly
more than all systems except high stiffness). Similarly, low force, low stiffness and low adaptive
stiffness did not differ significantly.
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Figurell: Subjective preference scorehaptic systems
Table3: Subjective preference comparisonisaptic systems
Force/L X
Force/H sig X
Stiffness/L ns sig X
Stiffness/H sig ns sig X
Adaptive/L ns sig ns sig X
Adaptive/H ns sig sig ns sig X
Force/L | Force/H | Stiffness/L| Stiffness/H | Adaptive/L | Adaptive/H

2.9.1.2 Visual and visuahudio conditions

The subjective preference datar the visual and visuaudio systems were handled in a similar way.

21 participants experienced each system on five occasions and thus the maximum preference score is
105 in this caserigurel2 (mg; significance provided ifable4) shows the absolute number of pairs

in which a particular system was preferred, and shows a significant preference for any system with
added audio compared to those without. Furthermore, thas a clear preference for the foot and
gauge displays over the dot display, both with and without the additional information provided by the
tone sounds.
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Figurel2: Subjective preference scoresisual and visuahudio systems

Table4: Subjective preference comparisongisual and visuadudio systems

Dot X
Dot/Audio sig X
Gauge sig sig X
Gauge/Audio sig sig sig X
Foot sig ns ns sig X
Foot/Audio sig sig sig ns sig X
Dot Dot/Audio Gauge Gauge/Audio Foot Foot/Audio

2.9.2 Subjective preference consistency

The consistency of system ratings is an important construct to ensure reliable conclusions are drawn
from the data. High consistency of ratings creates a greater level of trust in the interpretation of the

data. In the case of three systems (A, B, C), wheis preferred over B and B is preferred over C;

perfect consistency is achieved if A is also preferred over C. This consistency between three items is
GSNYSR | WwWO2yaraidSyl -ShidAloRWhery SoyeRHarl threesobjects a@el y 3 (i 2
judged the coefficient of consistence gives a measure (per individual) of the number of these
YOo2yaradsSyd GNAIFRAQ AdA F LINBLRNIUA2Y 2F GKS Gz2dat
assessment of thitN\ISf A 6 Af A& 27F | yings Pa&tkigahtRmday tefanstrateldove S Ol A
consistency for one of two reasons: either the individual judge does not possess the inherent ability to
discriminate between the objects or those objects do not differ from one another above a
distinguishable thresHd.

The two figures below (se€igure 13 for haptic andFigure 14 for visual/visualaudio) show the
consistency of ratings within each modality per participant. It can be seen that system preferences
were more consistent for the visual and visual plus auslystems, with 90.5% of participants
producing a coefficient of 0.75 or greater. The performance with the haptic systems was poorer, but
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still showed high consistency, with 75.0% of participants having a coefficient greater than or equal to
0.5, and 60% othese being within the range 0.7600. This demonstrates that participants were
capable of establishing an order of preference amongst the two collections of systems and for the
most part were producing their preference judgements in a reasoned andtiseldashion, rather

than at a random. This has positive implications for the use of this procedure and the ongoing
application of the above results.
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Figurel3: Coefficient of consistence per participaritaptic systems

Figurel4: Coefficient of consistence per participantisualsystems
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