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 Introduction 1

The ecoDriver project seeks to develop and deliver effective guidance on fuel-ŜŦŦƛŎƛŜƴǘ ŘǊƛǾƛƴƎ όΨŜŎƻ-

ŘǊƛǾƛƴƎΩύ ǘƘǊƻǳƎƘ ǘƘŜ ǇǊƻǾƛǎƛƻƴ ƻŦ ƛƴ-vehicle technologies and the optimization of the driver-

powertrain-environment feedback loop.  A particular focus is placed upon the driver of the vehicle, 

and the role of their behaviour in 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 conserve energy and reduce vehicle emissions.  

 

An objective of the project is to determine the best methods for delivering eco-driving information to 

the driver, whether that be the modality of information delivery or the style in which advice is 

provided so as to maximize the engagement of the driver with the technology. This report focuses on 

the production of in-vehicle system eco-driving guidance methods that are useable, useful and 

desirable for the driver to interact with. A number of important themes are addressed, including the 

type of in-vehicle human-machine interface (HMI) that the final ecoDriver system will utilize, and the 

possible methods and outcomes of system personalization options that will be offered. 

 

The list below outlines the aims of the ecoDriver project. The objectives highlighted in red are those 

specifically addressed in this report. The nature of this work means that it has the potential to inform 

subsequent work on the design of the ecoDriver system, and therefore additional aims may be 

covered to a lesser extent. 

 

1. Investigate how best to win the support of the driver to obtain the most energy-efficient 

driving style for optimal energy use, with regard to preview, the current situation, and post-

drive feedback and learning 

2. Assess this across a wide range of vehicles τ e.g. cars, vans, light and heavy trucks and buses 

ς covering both individual and collective transport 

3. Explore and evaluate alternative HMIs and styles of feedback 

4. Consider driver behaviour with a wide range of current and future powertrains, including 

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

advice for each powertrain 

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

6. Look at the impacts of eco-driving support on driver attention and safety 

7. Look at a variety of impacts: CO2, NOx, particulates etc. and the balance between impacts 

8. Consider how the observed effects on driving style would affect network-wide energy use and 

a variety of aspects of network performance including network efficiency 

9. Consider scenarios for future powertrain adoption, and how eco-driving might affect the road 

networks of the future 

10. Perform a cost benefit analysis considering a range of scenarios of powertrain adoption 

 

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 design of intelligent, intuitive and acceptable eco-driving 

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 consequent decrease of 

negative impacts of transport on the environment.  

 

1.1 WP12 objectives 

Work Package (WP) 12 is one of five component work packages in Sub-Project (SP) 1: Supporting 

Drivers in ecoDriving. It is heavily informed and influenced by the previous state-of-the-art literature 

review conducted in WP11 (Envisioning new systems). The work conducted in WP12 involves 

laboratory and simulator testing and is required to inform the design of an ecoDriver system for test 

in the real-world trials of SP3. This in turn will lead to SP4 and SP5 in which assessments of system 

effectiveness will be conducted, as well as calculations of possible outcomes resulting from future use 

of the system (Figure 1). 

 

 
Figure 1: Relationship between sub-projects 

 

The central aim of WP12 was to consider how to enhance the likelihood of a driver response to in-

vehicle eco-driving guidance 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 WP12 is a necessary 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) and HMI (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 eco-driving 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 both multi-modal and 

uni-modal methods of eco-driving advice presentation ς using both vehicle and nomadic device 

systems ς that are applicable to both private and commercial vehicle 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 eco-driving system characteristics for the 

purposes of ensuring effective use and driver comfort and enjoyment. 

 

The overall goal throughout WP12 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 eco-driving feedback presentation. This approach is necessary to allow the system 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 

real-world testing. 

 

 

 
Figure 2: Flow diagram of relationships between SP1 Work Packages 
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1.2 This report 

This report contains an overview of work performed by three partners in the ecoDriver project in 

WP12; the University of Leeds, TNO, and CRF. A diverse range of research questions have been 

addressed across partners (including feedback modality selection, system HMI personalisation (based 

on driver style and/or driver preference) within this work package. The conclusion of this deliverable 

draws together all findings to present unified conclusions to inform future stages of the project. The 

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 project. An overview of the deliverable is also provided. 

 

Chapter 2 addresses the first of two studies conducted at the University of Leeds (labelled WP12a). 

This study used a driving simulator to conduct paired comparisons of a range of potential eco-driving 

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, three that combine this information with 

auditory tone alerts, and six that utilise a haptic gas pedal ς newly-installed for the ecoDriver project. 

The use of an active gas pedal was detailed in Task 12.2 of the DoW, while the rapid prototyping 

approach covers the requirement for multi-modal in-vehicle and nomadic device feedback specified in 

Tasks 12. 1 and Task 12.2. The objective of WP12a was to identify the most effective systems to 

introduce into a more realistic, extended drive with a wider range of eco-driving 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 WP12a to test three selected eco-driving systems more extensively. The 

range of eco-driving scenarios are extended to include speed increases, speed decreases and speed 

maintenance events, thus dealing with Task 12.1 (Description of Work), which specifies the 

development of controlled and repeatable eco-driving scenarios for test. Again, the eco-driving 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 testing an algorithm that can provide real-time 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 eco-driving guidance presentation in the 

driving scenarios tested, as specified in Task 12.2. 

 

Chapter 4 discusses early-stage work on eco-driving system personalisation, which is being conducted 

at TNO. The rationale for this work is the likely benefits for eco-driving system acceptance that could 

be gained from providing the driver with feedback and advice 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 optimise eco-driving feedback to individual drivers, 

thus improving its effectiveness.  

 

Chapter 5 describes further work on the personalisation of the ecoDriver system through a combined 

bench-marking and brain-storming exercise conducted by CRF. There are similar motivations behind 

this work to that presented by TNO in Chapter 4, in that a well-designed and personalised system is 

likely to foster more effective, frequent and enjoyable use than a less well-considered design. In both 

Chapters 4 and 5, the primary focus of the personalisation is on the visual HMI of the ecoDriver 

system. 

 

Chapter 6 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 in Work Package 13 (specific 

partners are mentioned), which focuses on the evaluation of different HMI and feedback and advice 

strategy (FAS) options in a controlled experimental context. The purpose of this section of the report 

is to combine the coordinated research of multiple partners to make progress towards the 

development of a single, integrated ecoDriver system concept at the conclusion of WP13.  

 

The content of this deliverable is heavily focused on the experimental work of a single partner 

(University of Leeds), with additional supporting work from two partners (TNO, CRF). The 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 planned for inclusion in WP12 has been 

moved to WP13, which further explains the inequalities in the amount of work presented per partner. 
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 Rapid prototyping of design options ς (UNIVLEEDS) 2

 Introduction 2.1

Minimizing fuel consumption has many advantages to the 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 idling and adjusting acceleration rates and cruising speeds to ideal levels, Gonder, 

Earlywine & Sparks (2011) reported on-road fuel efficient improvements of between 30% and 60%. 

However, it is doubtful that such large numbers are sustainable in the long term as they tend to be 

observed only directly after training (af Wahlberg, 2002). Hence, the development of an on-board 

system to continuously support the driver in their continued search of optimum fuel efficiency seems 

logical. Indeed, several vehicle manufacturers are developing or have developed visual HMI which give 

continuous in-ǘǊƛǇ ŘŀǎƘōƻŀǊŘ ƛƴŦƻǊƳŀǘƛƻƴ ǘƻ ǎǳǇǇƻǊǘ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ άƎǊŜŜƴέ ŜŎƻ-driving, for example 

ǎȅǎǘŜƳǎ ǎǳŎƘ ŀǎ IƻƴŘŀΩǎ EcoAssistΣ CƻǊŘΩǎ SmartGauge ƻǊ .a²Ωǎ EcoPro. 

 

Fundamentally, study WP12a was designed to rapidly prototype the most appropriate style of in-trip 

eco-driving feedback style. Rather than evaluating the performance of a specific eco-driving algorithm, 

it focussed more generally the relative merits of modality: visual, auditory and haptic guidance to 

support drivers in achieving speed changes in an eco-friendly manner through the selection of the 

Ƴƻǎǘ άŀǇǇǊƻǇǊƛŀǘŜέΣ ƻǊ ŜŎƻƴƻƳƛŎŀƭΣ Ǝŀǎ ǇŜŘŀƭ ŀƴƎƭŜΦ 

 

5ŜƭƛǾŜǊŀōƭŜ 5ммΦмΩǎ ŜȄǘŜƴǎƛǾŜ ǊŜǾƛŜǿ ƻŦ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ŀƴŘ ŎǳǊǊŜƴtly-available systems informed the 

design of these generic visual, auditory and haptic styles of feedback (HMI). A range of HMI was 

developed ς inspired by prior research in the eco-driving domain ς each supported by an arbitrary 

algorithm requiring a specific gas pedal angle in a driving scenario that required speed changes. The 

information delivered can be considered as 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 with an opportunity to manage their future driving to ensure 

economical performance. The further enhancement of these support systems comes in the form of a 

real-time evaluation of driving style, and subsequent attempts to tailor guidance delivery strategies to 

the individual driver. This work is discussed further in Chapters 4 and 5.  

 

2.1.1 Visual and visual/auditory driver feedback 

There is an extensive literature base that considers the use of multi-modal feedback in a number of 

applications such as eco-driving, collision warning, speed choice assistance systems. Specifically, it has 

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

ǇƻǎƛǘƛǾŜ ƛƳǇŀŎǘǎ ƻƴ ŦǳŜƭ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŘǊƛǾƛƴƎ ǎǘȅƭŜΣ ǊŜƭŀǘƛǾŜ ǘƻ ŀ Ǿƛǎǳŀƭ ƻƴƭy system (Kim 

& Kim, 2012). For this reason, the possible benefits of a multi-modal eco-driving 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 irritation must be considered alongside any observable benefits in 

driver performance (Adell, Várhelyi & Hjälmdahl, 2008). 

 

On the whole, visual in-vehicle eco-driving support systems appear to be better researched than 

systems that focus on other modalities (Rakauskas et al., 2010; Meschtscherjakov et al., 2009). 

However, there is ample reason to suspect that such continuous visual displays may cause undesirable 

side effects through driver distraction (see Regan, Lee & Young, 2009, for a review). Alternative 

feedback modalities have great potential, in particular haptic feedback via the gas pedal, as arguably 

gas pedal position is the single most influential factor on excessive fuel consumption. By acting 

directly, at source, long-term economies may be achievedΦ {ǳŎƘ ƛǎ ǘƘŜ ǘƘŜƻǊȅ ōŜƘƛƴŘ IƻƴŘŀΩǎ 

EcoPedal, which counteracts excessive pressure on the Ǝŀǎ ǇŜŘŀƭ ōȅ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǇŜŘŀƭΩǎ ǊŜǎƛǎǘƛǾŜ 

force. 

 

2.1.2 Haptic driver feedback 

The use of a haptic gas pedal is a novel approach to in-vehicle information presentation and has 

potential benefits for driver distraction and safety. Previous literature suggests that haptic gas pedals 

are an appropriate support mechanism to assist the driver in search of maximum fuel economy 

(Reymond & Merienne, 2011; Larsson & Ericsson, 2009; Adell, Várhelyi & Hjälmdahl, 2008). A 

significant body of literature now exists to support the use of such haptic gas pedals. For example, 

Adell, Várhelyi & Hjälmdahl (2008) conducted field trials of Intelligent Speed Adaptation in which forty 

private vehicles were equipped with two systems aimed at governing excessive speed: an active 

accelerator pedal (AAP) and non-haptic interface which warned via a short 3500Hz tone every 1.5s, 

accompanied by a flashing red dashboard light, when the speed limit was exceeded. Results show that 

both systems reduced the mean and 85th percentile speeds, but that the AAP was the more effective 

and greater preferred of the two systems. Similarly, Larsson & Ericsson (2009) found that a haptic gas 

pedal, installed on a fleet of 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 workload (Birrell, Young & 

Weldon, 2010) and reduced emissions (Azzi, Reymond, Mérienne & Kemeny, 2011). 

 

However, few publications have investigated how 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 car-following on the proviso that the άŘesign of a haptic 

gas-pedal feedback sensation has no real-ƭƛŦŜ ŜǉǳƛǾŀƭŜƴǘ Χ the process has largely been an heuristic 

processέΦ aǳƭŘŜǊΩǎ ŜŦŦƻǊǘǎ ŎǳƭƳƛƴŀǘŜŘ ƛƴ ŀ ŘǊƛǾƛƴƎ ǎƛƳǳƭŀǘƻǊ ǎǘǳŘȅ όaǳƭŘŜǊΣ Mulder, van Paassen & 

Abbink, 2008) in which two conditions of haptic interface were trialled along with a baseline 

condition: force feedback and stiffness feedback. 

 

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

conditions provided increased gas pedal loading as, according to the haptic feedback logic algorithm, 

following conditions became more hazardous (see Mulder, 2007, for details on the implementation). 
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In the force feedback condition (dashed line in Figure 3 left), the gas pedal spring stiffness remained 

constant, but an offset force was applied such that a greater pedal effort was required to maintain a 

particular gas pedal position. In the stiffness feedback condition (dashed line in Figure 3 right), the 

algorithm adjusted the pedal stiffness (gradient of the force/displacement graph) such that, although 

no immediate change in force could be felt, increased effort was required to depress the gas pedal. 

Force feedback is independent of pedal position, whereas stiffness feedback is not. 

 

 
Figure 3: Gas pedal position-force profile for force (L) & stiffness (R) feedback (Mulder et al., 2011) 

 

Results showed that, compared to baseline standard feedback (solid line in Figure 3), drivers adopt a 

force-task strategy when presented with haptic feedback, which leads to small improvements in car-

following performance (less variation in time headway and inverse time-to-contact) through reduced 

pedal activity. Of the two interfaces, stiffness feedback was preferable in terms 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 eco-driving guidance to be 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 component 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 method of in-vehicle information 

delivery, especially in the eco-driving 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 in-depth analysis of the impact of 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 eco-driving task. 

 

 WP12a objectives 2.2

The objective of this study was to evaluate generic visual, visual/auditory and haptic eco-driving 

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 their overarching modality, with each modality possessing an underling individual 
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ŘŜǎƛƎƴ ŎŀǘŜƎƻǊƛǎŀǘƛƻƴΦ IŜƴŎŜΣ ƴƻ ŘŜǎƛƎƴ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ άǘƘŜ ŦƛƴƛǎƘŜŘ ŀǊǘƛŎƭŜέ ƻŦ ƻǇǘƛƳŀƭ 

feedback and ready for implementation, but design standards that can be adapted to provide 

fundamental guidance in the future design of eco-driving systems. Future specific implementations to 

Ŧƛǘ ǇŀǊǘƛŎǳƭŀǊ ǾŜƘƛŎƭŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ άōǊŀƴŘƛƴƎέ Ŏŀƴ ōŜ ŀǇǇƭƛŜŘ ŀǎ ƴŜŎŜǎǎŀǊȅΦ  

 

 Eco-driving feedback design  2.3

2.3.1 Visual and visual/auditory support systems 

¢ƘǊŜŜ ŘƛŦŦŜǊƛƴƎ Ǿƛǎǳŀƭ ŘƛǎǇƭŀȅǎ ǿŜǊŜ ŘŜǎƛƎƴŜŘ ōŀǎŜŘ ƻƴ DƻƴŘŜǊǎ Ŝǘ ŀƭΦΩǎ όнлммύ ǎǳƎƎŜǎǘƛƻƴ ƻŦ ŀ ŎƻƭƻǳǊ-

ŎƻŘŜŘ άh9a ŘŀǎƘōƻŀǊŘ ŘƛǎǇƭŀȅέΦ Lƴ ŀƭƭ ŎŀǎŜǎΣ ǿƘŜƴ ǘƘŜ ǇǊŜŘƻƳƛƴŀƴǘ ŎƻƭƻǳǊ ƻŦ ǘƘŜ ŘƛǎǇƭŀȅ ƛǎ ƎǊŜŜƴΣ ǘƘŜ 

participant is driving at (or close to) the target gas pedal angle, considered most appropriate for eco-

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

a red display is also inefficient, but in this case due to excessive acceleration. The three displays 

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 EcoSpeedometer, as described by Meschtscherjakov et al. 

(2009). This display (Figure 4) provides first order information, specifically the accuracy of the current 

gas pedal position. 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 dot is shown at the centre of the engine 

speed indicator. The colour Gouraud blends between green to blue over a 5% range, such that if the 

pedal error was -6% or less, a full blue dot appears. For excessive pedal, the dot blended from green 

to red over a 5% range, full red being achieved when the pedal error is +6% or greater. 

 

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

   

Figure 4: Dot visual eco-driving support 

 

2.3.1.2 Gauge 

This system was inspired by a collection of moving bar displays found previously to be both acceptable 

and intuitive for conveying fuel consumption information (Rakauskas et al., 2010). This display uses a 

central, narrow green bar to indicate good performance. This bar increases 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 above for Dot. 

 

The Gauge (Figure 5) is more informative than the Dot, in that it also provides second-order 

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 

ǊŜǉǳƛǊŜŘ ǘƻ ŀŎƘƛŜǾŜ ΨƛŘŜŀƭΩ ŦǳŜƭ ŜŦŦƛŎƛŜƴŎȅΦ  IƻǿŜǾŜǊΣ ƛǘǎ ŎƻƴǘŜȄǘ ƻŦ ŀ ƳƻǾƛƴƎ ōŀǊ ƛǎ ǎƻƳŜǿƘŀǘ ŀōǎǘǊŀŎǘ 

to the specific task of increasing or decreasing gas pedal angle. 

 

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

   

Figure 5: Gauge eco-driving visual support 

 

2.3.1.3 Foot 

This system was inspired by the Nissan EcoPedal as described by Meschtscherjakov et al. (2009), and 

employs second-order information, but with appropriate context in the image of a foot/gas pedal 

combination (foot and grey line in Figure 6). 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 position and rate of 

change information. The foot/gas pedal combination move in the display, similar to the motion of a 

gas pedal in reality. The eco-ŘǊƛǾƛƴƎ ǘŀǎƪ ƛǎ ŀŎŎƻƳǇƭƛǎƘŜŘ ōȅ ƳŀǘŎƘƛƴƎ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ƎǊŜȅ ΨŎǳǊǊŜƴǘ 

ǇƻǎƛǘƛƻƴΩ ƭƛƴŜ ǿƛǘƘ ǘƘŜ ŘŀǎƘŜŘ ΨŘŜǎƛǊŜŘΩ Ǉƻǎition line. 

 

Foot is similar to Gauge in that it provides second-order 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, paralƭŜƭƛƴƎ ǘƘŜ ŘǊƛǾŜǊΩǎ ŀŎǘǳŀƭ ǘŀǎƪ ƛƴ ƘŀƴŘΦ 

 

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

   

Figure 6: Foot eco-driving support 
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2.3.1.4 Complementary audio 

Each of the three visual display described above could be presented both with and without 

accompanying, complementary, directional audio alerts. A predominantly low frequency (512Hz) tone 

όǎƛƳƛƭŀǊ ǘƻ ŀ ǘȅǇƛŎŀƭ ǾŜƘƛŎƭŜ άŎƘƛƳŜέύ ǿŀǎ ǇǊŜǎŜƴǘŜŘ ǘƻ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ƛƴǎǳŦŦƛŎƛŜƴǘ ǇǊŜǎǎǳǊŜ ǿŀǎ ōŜƛƴƎ 

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 

¢ǿƻ ƻŦ ǘƘŜ ǘƘǊŜŜ ƘŀǇǘƛŎ ŦŜŜŘōŀŎƪ όǇŜŘŀƭ ŦŜŜƭύ ǎǘȅƭŜǎ ƳƛǊǊƻǊŜŘ aǳƭŘŜǊΩǎ όнллуύ ŘŜŦƛƴƛǘƛƻƴ ƻŦ force and 

stiffness feedback. 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 activity. Hence, 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 existed: force 

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

high). 

 

Given a driving scenario that required a speed increase (see Section 2.6), each haptic feedback design 

consisted of two profiles: 

 

¶ cruise  - gas pedal to achieve eco-driving advise for constant speed (arbitrarily selected at 7% 

gas pedal angle) 

¶ accelerate- gas pedal to achieve eco-driving advice for gentle acceleration (arbitrarily selected 

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) 

 

 

  
Figure 7: 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% (when in cruise profile) or 23% (when in accelerate profile). For the 

low force condition, the step change in force was 20N, whilst in the high force condition that was 
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ŘƻǳōƭŜŘ ǘƻ плbΦ ¢ƘŜ т҈ ƻǊ но҈ άƪƴŜŜǇƻƛƴǘέ ƛƴ ŜŀŎƘ ǇǊƻŦƛƭŜ ǿŀǎ ŘŜǎƛƎƴŜŘ ǘƻ ƎǳƛŘŜ ŘǊƛǾŜǊ ǘƻǿŀǊŘǎ ǘƘŜ 

idealized throttle angle. 

 

2.3.2.2 Stiffness feedback 

In the stiffness feedback condition, the guide kneepoint was a 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 accelerate profiles. 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 in the same 

pedal position for the same pedal force. The 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 feedback system. 

 

 Apparatus 2.4

WP12a was performed using the University of Leeds Driving Simulator (Figure 8). 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 predefined. The 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. 

 

 
Figure 8: University of Leeds Driving Simulator with vehicle cab and haptic pedal design 

 

! ŦǳǊǘƘŜǊ ŜŎƻ5ǊƛǾŜǊ ƳƻŘƛŦƛŎŀǘƛƻƴ ǿŀǎ ƳŀŘŜ ǘƻ ǘƘŜ ǎƛƳǳƭŀǘƻǊ ǿƛǘƘ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ άƎƭŀǎǎέ 

dashboard: a modifiable dashboard instrument cluster arrangement visualiǎŜŘ Ǿƛŀ ǘǿƻ тΦрέ уллȄпул 

colour LCD monitors built into the existing simulator cab (Figure 9).  
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Figure 9: Newly-installed '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 autonomous vehicles in the scene (e.g. identity, position and 

speed) at a rate of 60Hz. Eye-tracking data is collected using a Seeing Machines faceLAB v5.0 stereo 

camera pair, which allows the recording of many eye-related variables of both driver attention (e.g. 

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

 

 Experimental design 2.5

2.5.1 Paired comparison 

The experiment was devised in a paired comparison design to facilitate the rapid prototyping 

approach of WP12a. 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 (WP12b). 

 

In a paired comparison, objects are presented in pairs to one or more judges, who are obliged to 

choose between the two based on pre-defined criteria. In 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 can be ordered in such a way that each judge pronounces a 

verdict on every possible combination; this is known as a balanced design. The qualitative nature of 

forming such a subjective opinion and the inherent difficulty in maintaining a linear scale, forced the 

use of a Paired Comparison as the most robust method to facilitate the comparative judgments. 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 object is preferred over a competitor), the paired 

comparison allows a test of equality in order to assess the significance of any variation in those scores. 

The method is analogous to the F-statistic in ANOVA.  

 

The null hypothesis under test is, for all i upto t: 

Ὄȡ  “ ρ
ς 
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In the equation below, Dn varies as a ɢ
2
 distribution with t ī1 degrees of freedom: 

Ὀ τ ὥ
ρ

τ
ὸὲ ὸ ρ ὲὸ 

where Вὥ is the sum of the squares of the scores. 

 

At a particular confidence level, HΩo is rejected if the value of Dn 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 post-hoc 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 two-sided test at a particular significance level, a critical value (mcrit) 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: 

ά ὤ ρ
ςὲὸ

ρ
ς   

Where: 

Zcrit is the Z-score for the percentile point of the significance level in question 

n is the number of judges 

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

 

2.5.2 Fully balanced design 

The six visual/visual-audio 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 eco-driving guidance to the driver. Participants performed 

paired comparisons of the six visual/visual-audio and the six haptic systems and between the 

visual/visual-audio systems on separate visits to the driving simulator.  

 

A paired comparison is most efficient when all judges rate objects in all combinations, known as a fully 

balanced design, hence 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, carry-over effects are possible where perceptions are potentially 

altered due to preceding objects. In order to limit these effects, counter-balancing 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 counterbalancing was performed (Russell, 1980), shown in Table 1. 
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Table 1: Partial counterbalancing of paired comparisons (15 experimental pairs). A-F refer to the six versions of 
the eco-driving system per modality. 

Pair number 
First 

presentation 

Second 

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 

 

 

 Driving scenario 2.6

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 arbitrary eco-driving algorithm 

therefore was designed to guide drivers towards a target gas pedal position ς in terms of fuel 

efficiency ς when performing changes in speed on a flat road with straight and curved sections. The 

driving scenario (Figure 10) simulated was the exit from a built up area (speed limit 40 mph or 

64.4kmh) into a rural area (speed limit 60 mph or 96.6 kmh).  
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Figure 10: Illustration of driving scenario showing the required speed changes (Cruise 1, Accelerate, Cruise 2) 

 

The entire driving scenario lasted for just 30s and could be subdivided into three 10s subsections: 

initial driving on a curvy road at 40mph (64.4km/h) in the village (Cruise 1), a speed increase to 60mph 

(96.6km/h) on a straight road exiting the village (Accelerate), and maintaining 60mph (96.6km/h) 

speed limit on a gentle curve in the rural area (Cruise 2). In each of the three phases, the eco-driving 

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 scenario. 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 subsequent 60mph (96.6km/h) cruise phase. 

 

 Experimental procedure 2.7

After arrival, briefing (see p.111) and informed consent, participants first underwent a familiarization 

of the 30s scenario. After gas pedal was depressed, the visual scene faded up over 1s with the 

participant travelling at 40mph (64.4km/h) in the urban section, but in full control of the vehicle. After 

approximately 10s (cruise phase), participants passed a sign post indicating an increase in the speed 

limit from 40mph (64.4km/h) to 60mph (96.6km/h). They then had 10s to accelerate from 40mph 

(64.4km/h) to 60mph (96.6km/h), the appropriate time for this speed increase if they achieved the 

desired 23% gas pedal position for this accelerate phase. After a further 10s of cruise at 60mph 

(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 feedback. They then 

experienced each of the six experimental conditions twice in order to get a feel for how they differed. 

5ǳǊƛƴƎ ǘƘƛǎ ǇǊŀŎǘƛŎŜ ǇƘŀǎŜΣ ǘƘŜȅ ŀƭǎƻ ƘŀŘ ǎǇŜŜŘ ƛƴŦƻǊƳŀǘƛƻƴ ŘƛǎǇƭŀȅŜŘ ƻƴ ǎƛƳǳƭŀǘƻǊΩǎ ǎǇŜŜŘƻƳŜǘŜǊΦ 

 

After familiarization and a short break, participants re-entered the simulator alone to undergo the 

same scenario in which each of the six experimental conditions were presented in a balanced paired 

comparison design (Table 1). No speedometer advice was provided to ensure that participants could 

not simply match the speed limit of the road, but had to utilise the eco-driving advice to achieve this 

driving task appropriately. Participants experienced the cruise>accelerate->cruise scenario with every 
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combination of the haptic pedal conditions presented in pairs, before making a forced choice based 

ƻƴ ǘƘŜ ǉǳŜǎǘƛƻƴ άƻŦ ǘƘŜ ǘǿƻ ǎȅǎǘŜƳǎΣ ǿƘƛŎƘ ƎǳƛŘŜŘ ȅƻǳ ōŜǎǘ ǘƻ ǘƘŜ Ƴƻǎǘ ŀǇǇǊƻpriate gas pedal 

ǇƻǎƛǘƛƻƴΚέ. tŀǊǘƛŎƛǇŀƴǘǎΩ ƻǇƛƴƛƻƴǎ ǿŜǊŜ ƎƛǾŜƴΣ ǿƛǘƘƻǳǘ ƪƴƻǿƭŜŘƎŜ ƻŦ ǿƘƛŎƘ ǎȅǎǘŜƳ ƘŀŘ ŀƭƭƻǿŜŘ ǘƘŜƳ 

to perform most fuel-efficiently in reality. tŀǊǘƛŎƛǇŀƴǘǎΩ ǊŜǎǇƻƴǎŜǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ Ƴŀƴǳŀƭƭȅ ōȅ ǘƘŜ 

experimenter. With six conditions, fifteen pairs were required for a fully balanced design. Order 

effects were managed by adjusting the presentation sequence according to a Galois field theory 

(Russell, 1980).  

 

 Participants 2.8

Twenty-one drivers took part in the study. In an attempt to obtain a representative sample of the 

driving population, the sample was well-balanced for gender, age, driving experience and annual 

mileage (Table 2). One participant withdrew after his haptic drive, resulting in N=21 for the 

visual/visual-audio comparison and N=20 for the haptic comparison. All participants had prior 

experience of the driving simulator so as to minimise individual differences in vehicle control which 

could impact on performance of the eco-driving task. 

 

Table 2: Participant sample characteristics 

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

Mean SD Max Min Mean SD Max Min 

Age (years) 33.2 13.9 60 20 35.9 13.9 59 22 

Experience (years) 15.5 13.3 43 2 15.4 11.9 34 2 

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

 

 Results 2.9

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. With 20 participants and each system experienced on 

five occasions (each compared against with its competitors), the maximum score for each condition 

was 100. Subjective preference data were analysed according to a non-parametric test of equality. At 

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

difference between condition scores occurs when the critical score difference (mcrit) is 15.  

 

Figure 11 shows the absolute number of pairs in which a particular system was preferred. Table 3 

shows which of the system comparisons produced significant differences 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 exceeds mcrit. A clear disposition towards 
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the high feedback systems 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 demonstrated 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.  

 

 
Figure 11: Subjective preference scores - haptic systems 

 

Table 3: Subjective preference comparisons - haptic 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 visual-audio conditions 

The subjective preference data for the visual and visual-audio 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 case. Figure 12 (mcrit significance provided in Table 4) 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, there is 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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Figure 12: Subjective preference scores - visual and visual-audio systems 

 

Table 4: Subjective preference comparisons - visual and visual-audio 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), where A is 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 

ǘŜǊƳŜŘ ŀ ΨŎƻƴǎƛǎǘŜƴǘ ǘǊƛŀŘΩ όYŜƴŘŀƭƭ ϧ .ŀōƛƴƎǘƻƴ-Smith, 1940). When more than three objects are 

judged, the coefficient of consistence gives a measure (per individual) of the number of these 

ΨŎƻƴǎƛǎǘŜƴǘ ǘǊƛŀŘǎΩ ŀǎ ŀ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ ǇƻǎǎƛōƭŜ ǘǊƛŀŘǎ ǘƘŀǘ ŜȄƛǎǘΣ ǘƘǳǎ ŀƭƭƻǿƛƴƎ ŀƴ 

assessment of the ǊŜƭƛŀōƛƭƛǘȅ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ǎǳōƧŜŎǘƛǾŜ Ǌŀǘings. Participants may demonstrate low 

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 threshold. 

  

The two figures below (see Figure 13 for haptic and Figure 14 for visual/visual-audio) 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 audio systems, 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% of these being within the range 0.75-1.00. 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 and selective fashion, rather 

than at a random. This has positive implications for the use of this procedure and the ongoing 

application of the above results. 

 

 
Figure 13: Coefficient of consistence per participant - haptic systems 

 

 
Figure 14: Coefficient of consistence per participant - visual systems 

 




















































































































































































































