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THE DESIGN OF HAPTIC GAS PEDAL FEEDBACK TO SUPPORT ECO-DRIVING

Hamish Jamson, Daryl L. Hibberd atasha Merat
Institute for Transport Studies, University of Leeds, Leeds, U.K.
Email: a.h.jamson@its.leeds.ac.uk

Summary: Previous literature suggestsat haptic gas pedals can assist the driver

in search of maximum fuel economy. Thisidy investigatedhree haptic pedal
designs, each with high and low intensities of feedback, in a pptdtyping,

paired comparison design. Twenty drivers took part, experiencing the systams
highfidelity driving simulator Results suggested that drivers were best guided
towards an “idealized” (most fuel efficient) gas pedal position by foratbtek

(where a driver feels a step change in gas pedal force) as opposed to stiffness
feedback (where a driver feels a changing gas pedaless). In either case, high
levels of force/stiffness feedback were preferred. Objective performance measures
mirrored the subjective results. Whilst the shimtm nature (brief system
exposure) of this study led to difficulties in drawing lortggm conclusions, it

would appear that force feedback haptics are better suited than stiffness feedback
to augment an effeete driver interface supporting “green” driving.

INTRODUCTION

Minimizing fuel consumption has maagvantages to the average motoiistiuding a

reduction in the cost and environmental impact associated with a particular jolaviegs@ill
continue © be made as vehicle and engine manufacturers continue to strive towards ever more
efficient engines, howeveeven without complex powertrain modifications, significant gains
can be madby modifying driver behavior. By advising a sample of motoristptoroze a drive
profile through the elimination of unnecessary idlargl adjusting acceleration rates and
cruising speeds to ideal leve(Sonderet al.(2011) reported on-road fuel efficient improvements
of between 30% and 60%. Howevieis doubtful thatsuch largenumbers are sustainabrethe
long term as they tend to be observed only directly after training (af Wahlberg, B@d2k the
development o&non-board system to continuously support the driver in his/her continued
search of optimum fuel efficiency sesiogical. veral vehicle manufacturers are developing
visual HMI which give continuous in-trip information to support an individual’s “gtekiving,

for examplesystems such as Hond&eoAssist, Ford’sSmartGauge or BMW'’s EcoPro.

However, here is reason to suspect that continuous visual displays may cause undesirable side
effectsthrough distraction (see Regenal, 2009 for a review) Alternativefeedback modalities
have great potentialpiparticular haptic feedizk via thegas pedal, asrguablygas pedal

position is the singlenost influential factoon excessivduel consumptionBy acting directlyat
source, longerm economiemay be achieved. Such is the theory behind HonHet¥edal

which counteracts exassve pressure on thgas pedal by increasing tpedal’s resistive force.

A significant body of literature now exists to support the use of such haptic gds.ped

example Adell et al.(2008) conducted field trials ofitelligentSpeed Adaptation in which forty
private vehicles were equipped with two systems aimed at governing excessive speé@ek an act
accelerator pedal (AAP) and ndaptic interface which warned via a short 3500Hz tone every
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1.5s, accompanied by a flashing red dashblging when the speed limit wasxceeded. Results
show that both systems reduced the mean afig&sentile speeds, but that the AAP was the
more effectiveand greater preferred of theo systems. Similarly,Larsson & Ericsson (2009)
found that a haptigas pedainstalled on a fleet dbur postal delivery vehicles, significantly
reduced periods of high acceleration. Comparable simulator studies have alsotidgetbhat
the benefits of haptic gas pedals over analogous visual dashboard systedesrgaihced driver
workload Birrell et al, 2010)and reduced emission&zzi et al, 2011).

However, fewpublications have investigatédw the haptic interfacesre controlled in terms of
their mechanical operatioithe principal exception is Mulder (2007), who investigated haptic
gas pedal feedba@nd desigrior the support o$afer caifollowing on the proviso that the
“design of a haptic gagedal feedback sengat has no real-life equivalent ... tpeocess has
largely been an heuristic process”. Mulder’s efforts culminated in a drivingdagon study
(Mulder et al 2008) in whichwo conditions of haptic interface were trialddng with a
baseline conditiorforce feedback andstiffness feedback.

Based on an algoriththatcentered oime headway and inverse time-contact, the two haptic
conditions provided increasg@spedal loading asaccording to the haptic feedback logic
algorithm, following conditions became more hazardous (see Mulder, 2007, for detais on t
implementation). Inheforce feedback condition (dashed line in Figurdéift), thegas pedal
spring stiffness remaad constant, but an offset foreeasapplied such that a greatezdal effort
was required to maintain a particulgaispedal positionln the stiffness feedback condition
(dashed line in Figure 1 righthe algorithmadjusted th@edal stiffnessgradient of the
force/displacement grapbuch that, although no immediate change in force could be felt,
increased effort was required to depress the gas pedal.
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Figure 1. Gas pedal position-force profile for force (L) and stiffness (R) feedback (Mulder et al., 2011)

Results showed that, compared to basedtaadard feedbadkolid line inFigure 1) drivers
adopt a forcdask strategy whepresented witlhaptic feedback, whicleadsto small
improvements in car-following performance (less variation in time headwayreeidsé timeto-
contact) through reduced pedal activity. Of the two interfatiéfness feedback was preferable
in terms of reduced gas ped@ativity, lowest variation in pedal force anttreasedheadway

This study wasindertaken to evaluate which of Mulder’s designs is more appropriate to support
the potential of haptic gas pedals to improve &fétient, “ecodriving”. Given that stiffness
changes were more well suited the management of following distance, it was bigsathieat a
similar pedal feel would benefit theamagement of excessive acceleration.
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METHOD
Apparatus

The study was performed using the University of Leeds Driving Simulator (Figgurae

simulator cab was modified for this study to replace the existing gasvpdidal haptic gas

pedal, such that up to eleven different profiles of pedal force and pedal travelpraddfeed.

The haptic gas pedal is physically linked to a servo motor mounted on the dynamicplatfor
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 barekgiekils

15Hz.

Fiure. nivsit of Leeds Ding Simulator with vehicle cab and haptic pedal design
Experimental design

The experiment was devised in a paired comparison design so that several haptic feedback
designs based on force and stiffness feedback could be evaluated against one andtbdr in a s
time frame.The 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.

In a paired comparison, objects are presented in pairs to omereijudges, who are obliged to
choose between the two based on pre-defined criteria. The technique is commonly @mploye
when objects can only be compared in a highly subjective fashion. By summing the scores (the
number of times an object is preferred vaeompetitor), the paired comparisaltows a test of
equality in order to assess the significance of any variation in those scoreseffiogl is

analogous to the Btatistic in ANOVA. The poshoc test, which determines to what extent the
levels of thafactor differ from one another, is obtained from a Least Significance Differan

the overall rating scores. For a twmled test at a particular significance level, a critical value
(mrir) is calculated such that if the difference between total scores exceeds this value, the
difference between those score can be proved at a particular confidence level

Mepie = ch‘ir ||(1‘/2ﬂ.t2j + 1}‘2 Whel’e

Zit is the Zscore for the percentile point of the significance level in question
nis the number of judges
tis the number of repetitions of each paired comparison per judge multiplred by
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Driving scenario

The study was designed to investigate feedback style rather than algorithm desogn tieen
repeated driving scenario lasted for 30s and mimicked a ctattecedriving algorithm guiding
participantgo anarbitrary“ideal” gas pedal position, which they were informed wastibet
appropriate manner tchieve maximum fuel econonfigr the given scenarioThat scenario

was a cruise>accelerate>cruise gitug involving leaving a built-up area (speed limit 40mph)
into a rural aregspeed limit60Omph) Each participant’s task was to achieve the “idealized” gas
pedal positions of 7% in theitial 40mphcruise phaseancreasing gas pedal travel to 2886

the intermediate acceleration phalsefore returning to 7% for the subsequent 60mph cruise.

Experimental conditions

Figure 3shows the feedbaatonditions that were evaluatedthe paired comparisarmhese
totaled six:force feedback (low and high), stiffness feedback (low and high) and adaptive
stiffness feedback (low and high); although not used in this study (except for faratiami, see
Experimental Procedure) the long dashed line shows a standard (non-haptic) pedal.

In the force feedback conditioa,significantextraforce was required by the driver to further
increase gas pedal travel beyond either 7% (when the haptic pedal was in the cfiledepr

23% (when in the accelerate profil&orthe low force condition, the step change is force was
20N, whilst in the high force condition that was doubled to 40N. The 7% or 23% “kneepoint” in
each profilevas designed to guidiiver towards the idealized thtle angle

In the stiffness feedback condition, the guide kneepe@isiadistinct change ipedalstiffness,
ratherthan a step forctor driversto overcomeFor the low stiffness condition, the gradient
changed from the standard stiffness of 0.2Npeecentpedal travel to 1.45N per percent pedal
travel, whereas this was doubled in the high stiffness condition to 2.9N per percentagwedal

The adaptive stiffness condition used the same profile gradient as stifedback, however, it
differedin its transition from cruise to accedge profiles. Thisationale wadecause whilst
stiffness feedback gives a clear indication to remove pedal force through incredakidad, it
gives no indication of when to increaseTihis is because at th8t/kneepoint, both profiles
result inthe same pedal position for the same pedal force.

Force feedback Stiffness feedback Adaptive stiffness feedback
= - slandard ——cruise - accelerale

== glandard ——cruse -----accelerale == slandard ——cruse -----accelerale

gas pedal force (N)
gas pedal force (N)
gas pedal force (N)

20 40 60 80 100 0 2 40 60 80 100 0 2 40 60 80 100
gas pedal travel (%) gas pedal travel (%) gas pedal travel (%)

Figure 3. Haptic feedback conditions evaluated

Experimental procedure

After arrival, briefing and informed consent, participants first underwent fidamation of the
scenario. The visual scene was faded to white, until the gas pedal was depressed. The scene then
faded up with the participant travelling at 40mph in the urban section, but in full contnel of t
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vehicle.After approximagly 10s (cruise phase), participants passed a sign post indicating an
increase in the speed limit from 40mph to 60mph. They then had 10s to accelerate from 40mph
to 60mph, the appropriate time for this speed increase if they achieved the deXirgals23dal
position for this accelerate phase. After a further 10s of cruise at 60mph, theseeuafaded

back to white. Accompanied by a researcher, participants practiced this scansiiamccasions

with standard (constant stiffness) pedal feedback. Ty experienced each of the six
experimental conditions twice in order to get a feel for how they differed. Duringrigsce

phase, they also had speed information displayed on simulator's speedometer.

After familiarization and a short break, participantentéered the simulator alone to undergo the
same scenarim which each of the six experimental conditiorexe presented in a paired
comparison design. No speedometer advice was provadettipants experienced the
cruise>acceleratecruisescenaio with every combination of the haptic pedal conditions
presentedn pairs, before making forced choice based on tipeestion‘of the two systems,

which guided you best to the most appropriate gas pedal position”. With six conditions, fifteen
pairs were required for a fully balanced design. Order effects were managed by adjusting the
presentation sequeneecording to a Galois field theory (Russell, 1980).

Participants " low m high

a8

20 drivers took part, well-balanced for gender &_
(117, 99), age (mean 37.13, 36.69; s.d. 10.27, g
7.49), driver experience (mean years licensed §m
17.73,17.49; s.d. 11.03, 7.39) and annual §
mileage (88467, 9286%; s.d. 29687, 1496%). g‘o
RESULTS N
SUbJ ective data force stiffness adaptive

Thesubjective preference data were reduced to Figure 4. Subjective preferenceratings

overall rating scores for each haptic pedal condition throughout the paired comp@igsoa (
4). With 20 participants and each system experienced on five occasionc¢eagared against
with its competitors), the maximum score for each condition was 100. Subjectfeeence data
were analyzed according to amparametric test of equalitt the 95% confidence level, the
Least Significance

Difference method suggests that a significant difference between condition scorssadeu

the critical score differendgn;) is 15. Figure 4 shows theeardisposition towards the high
feedback systems over their weaker strength (low) counterparts. However, ehendf

between the feedback systems was not so clear. Whilstdigghfeedback achieved significance
in its popularity from adaptive stiffness, this was not quite demonstrated foessiffeedback.
Similarly, low force, low stiffness and low adaptive stiffness did not difgriscantly.
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Objective data

Whilst several objective data were recordgzice limitgpermitthe reporting of one oot mean
sguared pedal error, indicating to what extent participamtseanaged achievibe idealized gas
pedal position throughout the 30ssakenarioThesedata are shen in Figure 5and were

analyzed using ane-way, repeatetieasures ANOVA with the six levels of System
corresponding to the six haptic pedal conditions. The assumptions of ANOVA were nigdviola

There was atrongmain effect ofSystem;F(s 95)=15.7,p<.001,°=.48. Least Squared
Differenceposthoc tests suggeseveral significanpairwisedifferences. Of the low conditions,
force feedback proved to Begnificantly better at achieving the “ideal” gas pedal position target
(lowest root mean squared pedal position error) than both low stiffness fe¢pb£20) and

low adaptive stiffness feedbagb=027).

low m high
i

L [

The story was similar for the high conditions,
where force feedback again proved more
successful than stiffness feedbdpk.030).
However, the difference between force and
adaptive stiffnesteedback was not proven
(p=.176). In both cases, the varying stiffness
feedbacks did not differ measurably (fow
p=.95; high:p=.48).

root mean squared pedal error (%)

o

For a particular type of systeimgh force stiffness adaptive
feedback intensitieachieved Figure 5. Objective performance (errorsbars show 95% ClIs)
significantly bettecompliance of

“ideal” gas pedal position than corresponding low feedback (fprc01; stiffnessp<.001;
adaptivep=.001).

DISCUSSION

In terms of subjective ratings, resudtsowedthat force feedback was preferred to adaptive
stiffness feedbacK his appears to be at odds with Mulder et al. (2008), howénsemay have
been due to nature of thaptic pedabeing required to achieve two quite different tagkshis
study to achieve a target gas pedal position, whilst in Mulder’'stogsevent nsafe following.

The main objective of this study wasewaluatepreliminary designs to support “green” driving.
In practice, the irip guidance provided by such a haptic system would occur over far longer
durations than thehort 30s scenaruatilized here, hence this study provides little in terms of an
assessment édng termdriver comfort In a real system, should advice need to be overridden,
especially in the preferred high force condition, applying suchgeglal forces may well lead to
fatiguefrom the need to coontract both the shin muscles and calf muscles to stathikze
desired gas pedal position, resulting iesirablephysical driver workload (Abbink, 2006).

It is promising that the objective measures of task performsummeortthe subjective

preferencef terms of a greater intensitiefeedback being more successful, as wethase
popular, in achieving the eatriving task. To some degree, the contrived nature of the task may
havelentitself toward mordorceful feedbacksupporting the cruise>accelerate>cruise task
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simply by lack of subtlety. However, that the magnitude of the errors between low and high
feedbacks was not large (some 1% of throttle thawedich in reality would account for

marginal differ@ces in actual #® consumptionthis study adds further evidence that, in general,
haptic feedback is well capable of providing suitadsle driving support. Further research is
planned to evaluate the effects of such varying designs of haptic support over longeartiese fr
to include the evaluations of issues such as acceptance, workload and physictibdistra
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