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This paper reports on the design and evaluation of in-car displays used to support Stop & Go Adaptive Cruise Control.  Stop & Go Adaptive Cruise Control is an extension of Adaptive Cruise Control, as it is able to bring the vehicle to a complete stop.  Previous versions of Adaptive Cruise Control have only operated above 26 kph.  The greatest concern for these technologies is the appropriateness of the driver’s response in any given scenario.  Three different driver interfaces were proposed to support the detection of modal, spatial and temporal changes of the system: an iconic display, a flashing iconic display, and a representation of the radar.  The results show that drivers correctly identified more changes detected by the system with the radar display than with the other displays, but higher levels of workload accompanied this increased detection.  
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1.  STOP & GO ADAPTIVE CRUISE CONTROL

Stop & Go Adaptive Cruise Control (S&G-ACC) is a system that maintains cruise speed in the same way as a conventional cruise control system, but also maintains the gap to the vehicle ahead by operating the throttle and brake systems. The S&G-ACC control module is mounted at the front of the vehicle, which uses a radar to measure the gap and closing speed to the vehicle ahead.  Figure 1 shows a functional block model of the system.


[image: image14.bmp]
Figure 1.  Functional diagram of Stop & Go Adaptive Cruise Control

The system functions at all speeds and is capable of slowing the vehicle to a complete stop.  Once the vehicle has become stationary, the driver must intervene.  This can be achieved by pressing the resume button, which will reactivate S&G-ACC providing a sufficient distance to the vehicle ahead has been attained, or by depressing the throttle, which will always override the system.  The system is immediately cancelled by either the cancel button or driver braking.  S&G-ACC is an extension to regular ACC, which has previously only operated above 26 kph.  The capability of S&G-ACC over ACC is achieved by adding radar that can operate at slow speeds over short distances.  The system has a built-in monitoring capability and so the speed is limited to that chosen by the driver, and the level of deceleration is also limited by the designers of the system.  The system will not undertake emergency braking and under such conditions the driver will be required to intervene. When the driver is required to operate the brakes, i.e. the maximum S&G ACC brake level is reached, the system warns the driver by an audible warning.  Due to the limited braking of the system, the driver may be called upon to intervene when approaching a slow moving or stationary object. The likelihood of the driver needing to intervene increases with the speed of the vehicle.  The S&G-ACC system had also been designed for assistance in queuing scenarios, to keep a set distance behind slow moving vehicles.

The original system to be tested presented an amber follow icon when the vehicle enters follow mode and the icon is extinguished when the vehicle leaves follow mode.  This is the simplest interface, as shown in figure 2a.  A re-development of this interface was to indicate the presence of a new in-path target (e.g., a new vehicle) by flashing the icon red at first (as shown in figure 2b), before assuming steady state of the amber icon.  The third interface represented a departure from the follow icon design.  This interface encapsulated the driver requirements on temporal, spatial and mode information, by mapping the in-path target data onto a representation of the radar display (as shown in figure 2c).  This offered a direct relationship between the position of the in-path target in the world (i.e., the position of another road user) and its representation on the driver interface (i.e., the highlighted ball in the centre of the display at 21 metres).
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Figure 2a.  The standard icon display.
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Figure 2b.  The flashing red icon (left) followed by the standard icon (right) display.
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Figure 2c.  The radar display analogy.
The mapping between the different interface designs and the elements of Situation Awareness (SA) is indicated in table one.  As table 1 shows, all three interface designs support mode awareness but only the radar display supports spatial awareness and, to a limited extent, temporal awareness.  Cognitive mismatch is a general problem for automated systems (Baxter et al, 2007), so design needs to focus on communication of the appropriate modal, spatial and temporal information.    It was therefore anticipated that performance of drivers, in detecting new in-path targets that had been acquired by the S&G-ACC system, would be superior with the radar display.  Seppelt & Less (2007) argue that interface design needs to communicate the system limits in a continuous manner to the driver.  The radar display analogy offers continuous information on modal, spatial and temporal changes (which the driver can compare to information in the world) whereas the two other iconic displays only communicate discrete information on modal changes.
Table 1.  Mapping interface design and the SA elements

	Interface

Design
	Modal Awareness
	Temporal Awareness
	Spatial Awareness

	Standard Icon
	
	
	

	Flashing Icon
	
	
	

	Radar Display
	
	
	


The dark shaded area in table 1 indicates that the interface supports the type of SA.  For example the standard and flashing icons only support mode awareness, because they are only lit if a target vehicle is being tracked by the S&G-ACC system, which changes the vehicle from ‘cruising’ mode to ‘following’ mode.  As well as mode awareness, the radar display can also communicate spatial awareness information, i.e., the range and direction of the target vehicle.  Some limited temporal awareness information may also be communicated via the radar display (shown by the lighter shading) as the target gets closer to or further on away from the host vehicle, i.e., the rate of approach of the target vehicle.  Additional time-to-contact information would need to be provided to better support time situation awareness.  For the driver of a car with S&G-ACC, spatial relevance of other vehicles (e.g., longitudinal and lateral position of in-path target), temporal relevance of other vehicles (e.g., time to impending contact), and modal relevance of other vehicles (e.g., acquisition of a new in-path target or not) are extremely important.  Integration of all this information should help to ensure that the driver responds appropriately to the dynamic road-vehicle environment.  Bookhuis et al (2008) report high driver acceptance of a congestion assistant that was functionally similar to the S&G-ACC system.  Further Bliss and Acton (2003) propose that drivers are more likely to accept systems that have greater operational reliability in reporting of information about the state of the world as well as optimizing driver responses.
1.1.  SITUATION AWARENESS 

The concept of SA offers an explanation of how the driver manages to combine longer-term goals (such as driving to a destination) with shorter-term goals (such as avoiding collisions) in real-time (Sukthankar, 1997).  At a very simple level, SA is an appropriate awareness of a situation (Smith & Hancock, 1995; Endsley, 1995).  In the driving domain, SA may be defined as understanding the relationship between the driver’s goals, the vehicle states, the road environment and infrastructure, and the behavior of other road users at any moment in time.  This notion becomes even more pertinent when the driver’s own vehicle may be behaving with some degree of autonomy, as drivers will be faced with the additional task of monitoring the systems controlling their vehicles.  With in-vehicle systems taking over driving tasks, there is the potential for the driver’s understanding of the system status to depart from the actual system status (Woods, 1988; Baxter et al, 2007). This places an interface design requirement on these semi-autonomous systems to communicate their status to the driver in an unambiguous manner (Young & Stanton, 2002).  The ideas behind SA have emerged from aviation research, where there is pressure for pilots and air traffic controllers to develop better SA (Jenson, 1997). In air traffic control, for instance, the controllers talk of maintaining the ‘picture’ of the aircraft in time and space.  This ‘picture’ must be some internal mental representation of the aircraft types, their headings and speed, which are gleaned from the radar displays and flight-strips.  This external information needs to be combined with the internal knowledge, training and experience of the controller so that safe aircraft instructions can be issued to keep aircraft apart and maximize efficiency of routes.  As with air traffic controllers, drivers are also required to keep track of a number of critical variables in a dynamic environment.  Drivers also need to be able to predict how these variables will change in the near future, in order to anticipate how to adapt their own driving.  
Research into advanced vehicle systems by Stanton & Young (1998) has delineated between those that support driver tasks (such as navigation systems, lane departure warnings and vision enhancement systems) and those that replace driver tasks (such as adaptive cruise control and adaptive steering).  Arguably, the driver support systems aim to enhance SA through guiding and alerting the driver (Stanton & Pinto, 2000), whereas the driver replacement systems could reduce SA by performing the tasks with little or no reference to the driver.  Indeed, Norman (1990) cites ‘the problem with automation’ in aviation is that the autonomous systems in aircraft do not tend to inform the pilots what they are doing until they can no longer cope (Stanton et al, 2007).  Norman argues that the automatic systems can be hiding problems from the pilot by compensating for sub-system failures.  The failures may only be brought to the attention of the pilots when the automatic compensation has reached its limits of performance.  Norman gives examples of this, when automatic systems hand over control of the aircraft to the pilots at a point where the failure has become so bad that recovery of control had become very challenging.  He argued that automatic systems should not be a silent partner in dynamic control tasks.  The same argument has been made in the automation of ground vehicle control tasks (Stanton & Marsden, 1996).  Previous research on ACC has focused on mental workload (Stanton and Young, 1998, Young and Stanton, 2000, Stanton, Young, et al., 2001), and the ability of driver to take over vehicle control in emergencies (Stanton et al., 1997).  This research has found that there may be an increase in workload associated with the monitoring of an automatic system (Stanton & Young, 2000; Stanton and Young, 2005; Stanton et al, 2007).  Relieving the driver of a gap control task does not necessarily mean an overall reduction in workload, particularly as there is competition of limited visual attentional resources in the driving task (Wickens, 1992).  There may also be concerns about the driver’s ability to keep pace with the changes in the automatic systems (Woods, 1988; Baxter et al, 2007), and the timeliness of interventions (Stanton et al., 1997).   These issues suggest that workload and SA should feature high on the designer’s agenda when designing automotive automation.
1.2.  DRIVER WORKLOAD
Driver workload is a multidimensional construct that is characterised by the task (e.g. complexity of the road environment, behaviour of other road users, demand made by in-vehicle systems, etc), external support (e.g., driver aids such as the Stop and Go system) and the individual involved (e.g. skill, experience, training and so on), (Young & Stanton, 2001, 2006). Inappropriate workload levels (both too high and too low) have a range of adverse consequences, including fatigue, errors, monotony, mental saturation, reduced vigilance and stress (Spath, Braun & Hagenmeyer, 2007), all of which can be detrimental to driving performance. When drivers are faced with excessive task demands and their attentional resources are exceeded they become overloaded (Brookhuis et al, 2008). Mental overload occurs when the demands of the task are so great that they are beyond the limited attentional capacity of the driver. Conversely, when a driver experiences excessively low demands they may experience a state of mental underload (Young & Stanton, 2007). Both conditions can be detrimental to task performance (Wilson & Rajan, 1995) since drivers become less likely to attend to potentially important sources of information (Lehto & Buck, 2008).  Ostensibly, there is an optimal level of workload for optimal task performance. Thus, vehicle designers should aim to optimise driver workload in order to ensure efficient driving performance (e.g. Sebok, 2000; Young & Stanton, 2002). Workload optimisation involves achieving a balance between driving demands and driver resources. 

Optimisation of workload is even more important when driver attention is divided between driving (e.g., vehicle control, hazard detection and hazard avoidance), driving-related tasks (e.g., operating navigation and guidance systems), and non-driving related tasks (e.g., operating communication, climate and entertainment systems).  The ability to perform concurrent tasks is dependent upon the effective allocation of attention to each (Young & Stanton, 2002). According to Young & Stanton (2001, 2006) the essential features when designing semi-automated driver support systems are feedback (to maintain communication between the human and machine), assistance (as an alternative to simply relieving human operators of their tasks outright) and optimisation (to maintain effective task performance).  Central to the Young and Stanton’s argument is the concern of driver mental underload, when the driver is left to the task of monitoring automatic systems that are controlling the vehicle. MART (Malleable Attentional Resources Theory) is offered as a predictive model of the effects of underload on performance, hypothesising that attentional resources are yoked to task demand.  In contrast to the work of Ma & Kaber (2005) who suggest that automation may allow drivers to develop more complete and accurate levels of SA, MART predicts that reducing mental demand will mean that drivers have reduced attentional capacity. This theory hypothesises that driving automation will reduce the attentional resources available to the driver for monitoring the task and developing awareness.

Previous research into Adaptive Cruise Control has shown concerns with mental underload (Young & Stanton, 2001, 2002, 2004).  This work was summarised in a paper that showed the counter-intuitive effect of reduced workload and attentional resources, which meant that the driver was less able to intervene in the event of system failure (Stanton et al, 2007).  This research has added to evidence that driver underload of as much concern as driver overload.  System design should be concerned with an attentive driver rather than a relaxed one (Stanton et al, 2007).  Thus when designing a Stop and Go System, the designer should be aiming for optimising workload in the mid-band of the measures taken, neither too high nor too low.
For the purposes of the study reported in this paper, it was hypothesized that the interface that communicated modal, spatial and temporal information would be more successful than an interface that only communicated one of these attributes.  The driver receives information about changes in the environment directly via visual, auditory and tactile senses.  In addition, the driver interface will be an important source of visual information regarding the status of the S&G-ACC system.  Ideally, the driver should be able to integrate the information presented by the S&G-ACC interface together with the information presented directly from the environment in a timely manner.  The driver should also be able to determine if any intervention on their part is required.  Thus the experimental study set out to assess the objective and subjective levels of drivers’ SA.  It is also important that the driver interface should not place too much cognitive demand on the driver.  In this respect it should be perceived to be largely intuitive and easy to use.  Thus the study also explored the issues of driver workload and interface usability.

2.  METHODOLOGY
2.1.  Participants

Six male and six female participants were recruited for this study.  All were Jaguar employees, but they had no background knowledge of the S&G-ACC project. Participants were required to sign a consent form, informing them of their right to withdraw from the study.  The biographical profile of the participants is shown in table 2.

Table 2.  Biographical profile of participants

	Biographical data
	Mean
	sd
	minimum
	maximum

	Age
	27
	2.26
	24
	30

	Mileage per month
	920
	354
	200
	1500


2.2.  Design

The experiment used a within-subjects design.  There were two independent variables in the study, one called interface (ID 1) and the other called 'task type' (ID 2) - as shown in table 3.  The five dependent variables were measures of subjective SA (the Situation Awareness Rating Scale (SART), Taylor, 1990), driver workload (the National Aeronautics and Space Administration-Task Load Index (NASA-TLX), Hart and Staveland, 1988), host vehicle driver verbal reaction time, and an interface usability rating scale (System Usability Scale (SUS), Brooke, 1998).  In addition, a multiple in-path target detection test was performed at the end of the trials to see if the driver could identify which target the S&G-ACC has acquired when multiple targets were presented.
Table 3.  Independent and dependent variables

	Interface (ID 1)
	Task type (ID 2)
	Measures (DV)

	Standard icon

Flashing icon

Radar Display
	Follow at slow speeds

Stop and start driving

Lose lead on bend

Lead brake sharply

Lead cut-in
	Subjective SA
Driver workload

Reaction time

Usability rating

Objective SA


The presentation of the experimental interfaces was balanced for the six male and six female participants.  The presentation of the experimental tasks was randomised using a random numbers table.  Thus, as far as practically possible, attempts were made to counter order effects.  
2.3.  Equipment

A host car equipped with S&G-ACC was used as the experimental vehicle.  The experimental vehicle was also equipped with a Digital Videotape Tape-recorder (DVT) to capture verbal protocols from participants and reaction time data in response to events.  Participants were only able to see the S&G-ACC interface and not the vehicle data.   Other data displayed on the LCD control panel included: time (to 100 Hz), selected in-path target data (target type (stationary or moving), track id, range, range rate, angle), driver braking LED, brake pressure, vehicle speed, driver interaction with ACC buttons, messages displayed to the driver on the instrument cluster, radar display and standard or flashing icon.  The radar display replaced the ‘standard or flashing icon’ in the ‘radar display’ condition.  The other data were covered by a verbal protocol prompt, asking participants to report on the presence of an in-path target detected by S&G-ACC (i.e., "target acquired" or "target lost") and the behaviour of the vehicle (i.e., "braking" or "accelerating").  Verbal reports were collected because changes in in-path targets would not necessarily be accompanied by vehicle control inputs from the driver.  It was emphasised to participants that they should only report changes in detection of targets and vehicle behaviour. 
The leading vehicle was driven by a member of the experimental team with a passenger.  Communication between the experimenter in the experimental vehicle and the passenger in the leading vehicle was maintained by radio.  At the beginning of each task, the experimenter in the test vehicle would announce the task type over the radio, so that the leading vehicle and the participant knew what was about to happen.  Safety in the testing was of paramount importance.
The testing took place at Gaydon in the UK which is an elliptical high speed test track laid out as a five lane motorway.  The test track has a one kilometer straight section followed by a hair pin ‘S’ bend, leading to a slow sweeping flat ‘S’ section, then to a slow sweeping corner, back to the straight section.  Each of the five tasks was performed in a single circuit.  
2.4.  Driving tasks

Five driving tasks were performed in the study, as described in table 4: lead car cut-in, lead car braking, lose lead car on bend, stop and start, following at slow speeds.  In addition, a ‘multiple-target identification’ test was undertaken to determine if drivers could correctly detect which of the objects that the radar had identified as the leading vehicle.  In this test, drivers were asked to identify  which ‘target’ that the S&G-ACC system had detected as a variety of potential ‘targets’ moved around in front of the stationary vehicle.  Although the system could track multiple targets, only one is reported to the driver via the interface (i.e., standard icon, flashing icon and radar display).  There were two reasons for conducting this test.  First, the moving trials had only one target vehicle, so a simulation of multiple targets was required to test the system fully.  Second, at this stage of system development it was deemed too hazardous to conduct the test with multiple moving vehicles.
Table 4.  Descriptions of driving tasks

	Driving task
	Description

	Follow at slow speeds
	Host vehicle follows lead vehicle at speeds of 10-25kph and slows down and speeds up six consecutive times

	Stop and start driving
	Host vehicle follows lead vehicle at speeds up to 30kph with 3 stops

	Lose lead on bend
	Host vehicle follows lead vehicle at 50kph and lead accelerates on a curve in the road

	Lead brakes sharply
	Host vehicle follows lead vehicle at 50kph, which brakes suddenly

	Lead cut-in
	Lead cuts in front of host when host is travelling at 60kph


The S&G-ACC system remained engaged for the entire duration of the experimental study, just the interfaces changed.

2.5.  Procedure

On agreeing to participate in the study, biographical data were sought to ensure that the gender groups matched.  One week prior to the study, each participant spent one hour driving the experimental car around Coventry to become acclimatized with S&G-ACC. 
The order of events is listed below.

(i)
Participants were briefed on nature of study.
(ii)
Asked to sign a participant consent form.
(iii)
Participants then read through the ACC manual to refresh their familiarity with the operation of the device.

(iv)
Participants then re-acquainted themselves with the car and adjusted the seat, mirrors and steering wheel position to ensure that they were in a comfortable driving position.

(v) 
Participants secured the seatbelt and attached the microphone, whilst the experimenter started the DVT and got into the car.

(vi)
The experimenter pointed out the three interfaces in the car and explained the purpose of the verbal protocol, and what keywords they were required to say.  The collision warning device was activated.

(vii)
Participants had a practice circuit, where they practiced the verbal protocol and experienced the S&G-ACC system.

(viii)
Then participants started the experimental study, performing the tasks at the prompt of the experimenter.  The set speed was 60 kph for the entire trial and the participant stayed in the inner most lane for the study.

(ix)
At the end of each trial, the participant pulled the car off the track into a slip road to answer the questionnaires, whilst the experimenter set up the next interface.

(x)
Finally, the participant was debriefed on the nature of the study, asked to rate the three interfaces in order of preference and questioned on their preference.  They were thanked for their time.

2.6.  Data reduction and analysis

The response time data were calculated from the DVT recorded for each participant.  Times of 100 Hz were recorded onto the tape and the 'pause' and 'slow speed' functions permitted the researchers to get accurate response times.  Each of the response times for the experimental tasks was computed as detailed in table 5.  The mean for each participant was calculated when more than one response time was taken.

Table 5.  Computation of driver response times for each of the task types

	Task type
	Calculation of driver response time

	Follow at slow speed - brake
	Time that participant started the announcement of  "braking" minus time that experimental vehicle started braking

	Follow at slow speed - accelerate
	Time that participant started the announcement of  "accelerating" minus time that experimental vehicle started accelerating

	Stop and start - brake
	Time that participant started the announcement of  "braking" minus time that experimental vehicle started braking

	Stop and start - resume
	Time that participant pressed the "resume" button minus the time that the lead vehicle moved off.

	Stop and start - accelerate
	Time that participant started the announcement of  "accelerating" minus time that experimental vehicle started accelerating

	Cornering - lose target
	Time that participant started the announcement of  "lost target" minus time that experimental vehicle lost the in-path target

	Cornering - acquire target
	Time that participant started the announcement of  "acquired target" minus time that experimental vehicle acquired the in-path target

	Lead vehicle brake sharply
	Time that participant started the announcement of  "braking" minus time that experimental vehicle started braking

	Lead vehicle 

cut-in
	Time that participant started the announcement of  "acquired target" minus time that experimental vehicle acquired the in-path target


The response time data were analyzed using the analysis of variance technique.  Statistical significant was set at the 5% level.  

All of the other data were analyzed using non-parametric tests.  First a Friedman analysis of variance test was used, followed by the Wilcoxon signed ranks test if the results of the Friedman analyses were statistically significant.

For the multiple-target test a hit rate, expressed as a percentage, was calculated (i.e., hits/(hits + misses)).  Hit rate was used as it is an expression of the driver’s ability to identify when the S&G-ACC system had detected a new in-path target from a selection of possible targets, rather than simply tracking the same target.  Hit rate is used in Signal Detection Theory (Macmillan and Creelman, 1991), to determine the ability of operators to detect signals from noise, and thus an appropriate measure in determining how well the S&G-ACC communicated new targets to the driver.
For the NASA-TLX individual scales items for workload included: mental workload, physical workload, temporal demand, performance, effort, and frustration.  Generally, the lower the score, the lower the demand, effort or frustration.  For the performance scale, a low score means good performance.  The score is expressed on a scale of 0 to 100.

For the Usability questionnaire, a sum of scales was produced that offered a score from 10 for very low usability (e.g., difficult to use, complex, opaque and problematic) to 100 for very high usability (e.g., easy to use, transparent, error-free and intuitive).

For SART, the overall subjective SA scale was expressed on a scale of 0 (e.g., a very poor grasp of the situation) to 100 (e.g., a complete picture of the situation).

The sensor data on range (i.e., distance from lead vehicle expressed in meters), range rate (i.e., closing trajectory on lead vehicle expressed in meters per second), braking pressure (i.e., force applied to the brakes expressed in bars), and speed (i.e., speed of experimental vehicle expressed in miles per hour) were recorded at the same time that the participant response time was noted.  

Driver preferences on the three interfaces were analyzed using a content analysis technique, and classified into advantages and disadvantages for the medium.  Content analysis (Walker, 2004) was performed on the post-experiment interview data, to gain a qualitative insight into the driver reactions to the three interfaces.  The interviews were transcribed and the verbalizations encoded into descriptive phrases.  These phrases were then sorted into advantages and disadvantages of the three experimental interfaces under test.
3.  RESULTS

The dependent variables were: driver verbal protocol response times, driver workload, interface usability, objective and subjective SA. 

Analysis of variance revealed no statistical differences between different interface designs for the verbal response times of drivers for any of the tasks.  Percentiles for driver response times in the S&G-ACC tasks (albeit for a very small sample) are presented in table 6.
Table 6.  Response time percentiles for S&G-ACC

	
	Percentiles (seconds)

	Driving tasks
	5th
	10th
	50th
	90th
	95th

	1.  Slow follow - braking
	1.28
	1.38
	1.70
	2.43
	2.66

	2.  Slow follow - accelerating
	2.05
	2.27
	3.03
	4.38
	4.99

	3.  Stop + start - braking
	1.21
	1.31
	1.70
	2.37
	2.83

	4,  Stop + start - resume
	0.99
	1.17
	2.17
	3.30
	6.46

	5,  Stop + start - accelerating
	2.08
	2.70
	3.86
	5.68
	5.95

	6.  Corner - lose target
	1.17
	1.45
	2.25
	9.17
	20.09

	7.  Corner - acquire target
	0.93
	1.13
	2.25
	3.98
	5.39

	9.  Brake sharply
	1.14
	1.37
	2.24
	3.78
	5.14

	10. Lead cut-in
	0.89
	0.99
	1.53
	2.39
	2.70


The response times may be used as a design guide when considering driver response times in S&G-ACC scenarios, as there is considerable variation.  
The multiple in-path target test measure of SA revealed statistically significant difference between the new target detection rates of drivers for the three interface designs (22 = 11.619, p<0.005), as shown in figure 3.  Post-hoc, pair-wise, comparisons of the different interfaces reveal statistically significant differences between the standard icon condition and the radar display condition (Z=-2.494, p<0.05), and between the flashing icon condition and the radar display condition (Z=-2.666, p<0.01).  There were no statistically significant differences between the standard icon and flashing icon displays (Z=-0.578, p=ns).  
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Figure 3.  Change detection rates with the three interfaces.

As shown in figure 3, far fewer changes in in-path target were detected with the icon interfaces.  This suggests that driver’s were more likely to commit mode errors in these conditions, as they were less able to detect the fact that the S&G-ACC system had acquired a new in-path target and was no longer tracking the old one.  With multiple in-path targets present, it would seem to be important that the driver should know which one is being tracked by the S&G-ACC system.

Within the six NASA-TLX sub-scales, the mental workload scale revealed statistically significant differences between the rated load for the three interface designs (22 = 15.073, p<0.001).  The workload results are shown in figure 4.  Post-hoc, pair-wise, comparisons of the different interfaces revealed statistically significant differences between the standard icon condition and the radar display condition (Z=-2.964, p<0.005), and between the flashing icon condition and the radar display condition (Z=-2.673, p<0.01).  There were no statistically significant differences between the standard icon and flashing icon displays (Z=-0.973, p=ns). 

The physical workload scale revealed statistically significant differences between the rated load for the three interface designs (22 = 6.513, p<0.05).  Post-hoc, pair-wise, comparisons of the different interfaces revealed statistically significant differences between the standard icon condition and the radar display condition (Z=-2.323, p<0.05), and between the flashing icon condition and the radar display condition (Z=-2.324, p<0.05).  There were no statistically significant differences between the standard icon and flashing icon displays (Z=-0.512, p=ns). 

The temporal workload scale revealed statistically significant differences between the rated load for the three interface designs (22 = 13.543, p<0.001).  Post-hoc, pair-wise, comparisons of the different interfaces revealed statistically significant differences between the standard icon condition and the radar display condition (Z=-2.67, p<0.01), and between the flashing icon condition and the radar display condition (Z=-2.527, p<0.05).  There were no statistically significant differences between the standard icon and flashing icon displays (Z=-1.334, p=ns). 

The performance scale revealed no statistically significant differences between the rated performance for the three interface designs (22  = 1.442, p=ns). 

The effort scale revealed a statistically significant differences between the rated effort for the three interface designs (22 = 7.35 p<0.05).  Post-hoc, pair-wise, comparisons of the different interfaces revealed statistically significant differences between the standard icon condition and the radar display condition (Z=-2.849, p<0.005).  There were no statistically significant differences between the flashing icon condition and the radar display condition (Z=-1.94, p=ns), nor between the standard icon and flashing icon displays (Z=-1.334, p=ns).   
The frustration scale revealed no statistically significant difference between the self-rated frustration for the three interface designs (22 = 2.905, p=ns).   
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Figure 4.  Self-reported workload with the three displays
As figure 4 shows, greater levels of perceived mental, physical and temporal workload and effort were reported in the radar interface condition.  This means that drivers perceived that they were working hard and putting in more effort in this condition.
Analysis of the subjective ratings of interface usability showed that there were no statistically significant differences between the three conditions (22 = 2.13, p=ns).   

Analysis of the subjective ratings of SA showed that there were no statistically significant differences between the three conditions (22 = 1.66, p=ns).   

There were no statistically significant differences between three interface conditions for any of the sensor measures.  As there were no statistical differences between the experimental conditions, the vehicle sensor data were compiled into a single database from which design values could be drawn.  These are presented in table 7.

Table 7.  Points at which participants noticed their own vehicle braking

	Task - measure taken
	Mean
	sd
	min
	max

	Follow at slow speed
- range (metres)

- range rate (metres per second)

- braking pressure (bars)

- speed (miles per hour)
	13.99

-7.53

9.74

13.71
	1.66

1.25

1.61

3.47
	10.7

-5

7

9.3
	20.3

-10.8

15

30.9

	Stop and start
- range (metres)

- range rate (metres per second)

- braking pressure (bars)

- speed (miles per hour)
	16.48

-8.2

10.28

18.9
	2.43

1.87

1.96

3.45
	11

-3.6

5

13.1
	22.8

-11.9

14

29.9

	Lead brake sharply
- range (metres)

- range rate (metres per second)

- braking pressure (bars)

- speed (miles per hour)
	13.61

-7.51

13.53

21.39
	4.51

3.31

5.34

6.22
	3.8

-0.5

1

5.5
	22

-14.8

24

31.8

	Lead cut-in
- range (metres)

- range rate (metres per second)

- braking pressure (bars)

- speed (miles per hour)
	12.86

-3.51

12.5

29.09
	2.42

2.49

6.96

2.29
	8.4

-3.9

3

23.5
	19

-7.4

41

32.3


Table 7 presents the mean, standard deviation (sd), minimum (min), and maximum (max), and data for the range, range rate, braking pressure and speed at which the participants notice their own vehicle responding to the actions of the leading vehicle.  

To assist in the interpretation of the results of objective SA and workload for the three interfaces, the opinions of the participants were sought.  These are presented in terms of advantages and disadvantages of the three interfaces, as shown in table 8.  

Table 8.  Comments on the three interface designs (where "x" indicates the number of times the comment was made)

	Interface
	Advantages
	Disadvantages

	Standard 

icon
	Very simple (x6)

Less complex

Check visually

Gives as much information as needed

Easy to notice

Least mental effort

Not too demanding

Less information to think about
	Not enough information

Difficult to use for multiple vehicles
Gave no additional information on corners

Icon too small

	Flashing 

icon
	Enough information and warning when driving

Doesn't distract the driver

Simple system

Indicates new information

Flashing may draw attention
	Did not notice it was flashing (x 3)

Flashing was annoying

Flashing over too quickly (x 2)

Gave no additional information on corners

Icon too small

Had to check changes

	Radar

display
	Easy to understand

Provided an understanding of what the car was doing, especially when cornering

Gave more information (x 2)

Could see what the system detects at different distances

Gave more confidence

Made it easier to judge whether or not to intervene

Helps to understand what system is doing
	Too distracting (x 2)

Too complex (x 2)

Too much going on

Requires more concentration

Needed more mental effort

Should present all targets

Needs to be positioned more centrally to driver's vision

More information than needed

Had to check changes


The driver's opinions of the three interfaces may be summarized as follows.  The standard icon interface was the simplest to use but it did deprive drivers of some information.  The flashing icon interfaces was also simple to use but the flashing aspect was too short.  The radar display gave additional useful information but was more complex and demanding.

4.  DISCUSSION AND CONCLUSIONS
In summary, there were three main findings from the study.  First, the speed of response did not seem to be influenced by the type of interface, which probably means that the drivers were using the kinetic cue from their vehicle braking automatically as the trigger for their intervention.  Second, drivers were more able to detect the change of an in-path target with the radar display than the two icon displays (based on data from static, in-path, multiple-target test, i.e., where the host S&G-ACC remained stationery but the targets moved, to simulate a vehicle queuing scenario where other road users (such as cyclists, pedestrians and motorcyclists) might pass between the host vehicle and the tracked vehicle).  This means that, in a situation with multiple vehicles, drivers were more likely to mistake the target vehicle being tracked by the automatic S&G-ACC system when using the iconic interfaces.  Despite this finding, the subjective SA rating scale was not sensitive to these differences, which has implications for SA measurement.  This point will be expanded upon later.  Third, mental, physical and temporal workloads were higher with the radar display than the iconic displays.  This is probably due to the fact that more information was being presented, to assist temporal and spatial awareness of the driver.  Again, this will be expanded upon later.  The subjective responses from drivers reinforced the SA and workload findings.  In essence, the reports were that the iconic interfaces were simple but lacked information whereas the radar display was more complex but provided more information. 
4.1.  Implications for mode errors
The finding that drivers in the iconic display conditions were less able to identify changes of the in-path targeting by the system, raises the idea that mode errors were more prevalent in iconic conditions, as the drivers’ reports of system status departed from its actual status.  Mode errors are of particular interest, because they are the result of people's interaction with technology.  In his classification of human errors, Norman (1981) singled this error type out as requiring special attention in the design of technological systems.  The misclassification of the mode of the automatic S&G-ACC system could lead to driver errors which might have serious effect.  Mode awareness by the driver should be of utmost importance.  A measure of the success of the design will be the extent to which drivers are aware which mode the system is in, and how that relates to the behaviour of the vehicle in any given situation.  The mode errors in this study were related to the drivers’ failure to appreciate that the automatic system had changed its in-path target vehicle.  This means that the driver thought that the S&G-ACC system was tracking one target whilst, in fact, it was tracking another. Other studies have shown that mode errors can have potentially disastrous outcome on system performance (Reason, 1990; Norman, 1990; Woods et al., 1994).  In the case of S+G-ACC, one can imagine a scenario where the host vehicle is tracking a leading vehicle when a motorcycle pulls between the host and tracked vehicle.  The question for the driver of the host vehicle is whether the S&G-ACC system had acquired the motorcycle as the new in-path target, or is still tracking the original vehicle.  This judgment becomes even more important if the original tracked vehicle increases its speed, as the host vehicle will similarly increase speed in order to maintain the gap between the two vehicles (Seppelt & Lee, 2007).  If the driver is able to determine that the S&G-ACC has not acquired the motorcycle as the new in-path target, then they will be able to prepare for a manual intervention.  The findings from the study reported in this paper suggest that the radar display will be more useful to the driver in the scenario described above than the iconic displays in reducing cognitive mismatch (Baxter et al, 2007) and these effects are likely to become more marked over time (Lai, 2009).
Mode errors are a continued source of concern for system designers.  Whilst there may be valid technological reasons for multiple modes in system design, mode errors only occur in systems where there is more than one mode.  One reason for mode errors is the failure of the human operator of the system to keep track of the mode changes (Woods, 1988; Baxter et al, 2007).  Woods et al. (1994) suggest that autonomous systems, that act without any human input, do not need to communicate their behavour to their human supervisor in order to perform their tasks.  This means that mode transitions can occur without the human supervisor being aware of the changes.  Mode errors have been blamed for accidents in aviation when automation was prevalent (Stanton & Marsden, 1996).  Woods et al. (1994) argue that avoidance of mode error and optimisation of situational awareness go hand-in-hand.  They propose that the design of automated systems should provide clear indications of mode status and feedback about mode changes.  The design of an unambiguous interface that communicates the status of the system in a direct manner should address these points.  
4.2.  Implications for situation awareness

The differences between the two measures of SA product raised questions regarding the utility of subjective measures.  Although the SART questionnaire has been used extensively by others (Taylor, 1990; Taylor & Selcon, 1994), it appeared to be insensitive to the differences between the iconic and radar interfaces in the study reported in this paper.  There are obvious differences between the two types of measures in the way in which data are collected.  SART requires participants to report their level of awareness across 10 dimensions on 7-point Likert rating scales, whereas the in-path target test measure required drivers to vocalize which of the targets was being tracked by the S&G-ACC system.  This vocalization was recorded and then compared with the actual target being tracked.  It is interesting that whilst the actual awareness of drivers was higher in the radar display condition, these differences were not apparent on the subjective rating scales.  Other researchers have reported similar findings.  Walker et al. (2006) used both probed recall and the SART questionnaire to measure SA in a simulated driving task to investigate the effects of different forms of vehicle feedback.  Whilst the probed recall showed quite marked effects of the feedback conditions, the subjective ratings failed to reveal any differences.  Walker at al (2006) comment that the probed recall measure of SA has much more sensitivity than subjective measures such as SART. This view is also supported by Endsley et al. (2003), who argued that although subjective rating scales are inexpensive and easy to administer, they fail to provide accurate assessments of SA.  Arguably, rating dimensions such as the ‘changeability of the situation’ on a 7-point rating scale (one of the SART dimensions) is not the same as vocalizing that the S&G-ACC system has changed its in-path target.  One is an overall rating of the whole episode, whereas the other is a discrete observation of a particular change in the situation.  In any case, for conducting research studies into new automated vehicle systems, verbal protocols and probed recall are recommended over subjective rating scales for SA measurement (Salmon et al, 2006, 2009).
4.3.  Implications for mental workload

The radar display placed more demand on drivers than the other two displays.  This demand was due, in part, to the additional information and, in part, to the location of the display.  The iconic displays were mounted in the instrument cluster, between the tachometer and speedometer.  In prototype form, the radar display required the driver to look right and down (as it was sited in the centre-middle of a left-hand driver car, covering the navigation display).  A location more central to the driver's vision might reduce the demand placed on the driver, although this display will be in competition for attention with the primary task of attending to the road environment, other vehicles and other devices (such as the speedometer, tachometer, navigation system, entertainment systems, and do on) as well as internal demands, such as monitoring the journey against the planned journey.  In this study, drivers reported workload around the scale mid-point for the radar display and in the lower third of the scale for the iconic displays.  The implication is that the higher detection rate for the radar display, as shown in the multiple in-path target detection task, could be outweighed by the increased workload.  In practical terms, the radar display could distract the driver.  The higher level of workload reported with the radar display might not necessarily be a problem however, as the S&G-ACC system is intended for use in slow speed maneuvers, such as queuing traffic.  The case for demands on limited attentional resources has been well-established in the literature (see for example Wickens, 1992) and does not need to be entered into here.  Brookhuis et al (2008)found increased metal workload with their congestion assistant, although their interface was a mixture of text and icons rather than a pictorial display.  Their display was similarly positioned, off to the side of the driver rather than within the instrument cluster.    Performance problems are typically associated with the extremes of mental overload and underload (Young and Stanton, 2006).  Given potential concerns with driver underload and automation (Young and Stanton, 2002, a, 2002b), there might be some performance gains associated with displays that keep workload at a higher level and improve SA. SA displays could help to keep the driver’s level of attentional resources at the optimum level by providing additional demands on them when the demands from driving tasks are reduced.   The link between SA and workload in driving requires further investigation.  Walker et al. (2001) found that drivers with higher SA also reported lower levels of workload, whereas Endsley et al. (2003) have hinted at a possible positive correlation between workload and SA.  The research in this paper seems to corroborate the latter research. Future research should be aimed at exploring this relationship further, as a well designed display could produce higher levels of awareness in the driver without more workload.  Walker et al’s study proposed that the drivers who were more aware, were so because their vehicle provided more feedback.  Those drivers whose vehicles provided less feedback had to work harder and were also less aware.
4.4.  Conclusions for the design and evaluation of in-car displays

As a study of the relative merits of different approaches to in-car display design, several conclusions may be drawn from the work presented in this paper to do with design of the driver interface and testing of that interface on drivers.  Endsley et al. (2003) present 50 design principles to support situation awareness in the human operator.  Most of these principles guide designers to simplify the representation of information to help the system user in perception, comprehension and prediction of system status.  Drivers are unlikely to use the in-car display (such as S&G-ACC) as the primary source of information.  The primary source of visual information comes directly from the world.  When technology is placed between the driver and mechanical systems, visual in-car displays can help the driver understand what task the computer controlled system is undertaking.  In the case of S&G-ACC, it can help the driver understand which road user the system has detected as an in-path target, and therefore how the vehicle might respond in any given situation.  Norman (1990) argues that it is essential that the computerized systems communicate their behavior to their human counterpart in the same informal manner that a co-pilot might.  Failure to communicate effectively could lead the system to behave in an manner that is unanticipated by the driver.  This leads to the first design principle, to communicate changes in the system to the driver so that they can readily interpret what the S&G-ACC is up to, which is effectively co-piloting the car.  Endsley et al. (2003) state that, as attention and working memory are limited, display design should support comprehension (i.e., level 2 SA information requirements) directly, making it easier for the driver to interpret what the system is doing.  Norman (1993) proposed that natural mappings between the state of the world and the representation of that state are required for rapid comprehension.  The representations need only capture the essential features of the world.  This leads to the second design principle, to make direct mappings between the world and the representation of it.  In terms of the dynamics of S&G-ACC, this would include the representation of the leading vehicle, its spatial reference to the host vehicle (i.e., spatial situation awareness), an indication of whether or not the leading vehicle has changed (i.e., modal situation awareness), and leading headway of the in-path target vehicle (i.e., temporal situation awareness).  Spatial representation is perhaps the easiest to design, and the radar display design attempted to show the relation between the in-path target vehicle and the host vehicle.  Modal awareness is more difficult, as it requires representation of a change in state of the system.  The flashing of the ‘ball’ in the radar display (and flashing icon in the icon display) is one way of drawing the driver’s attention to the fact that a new target has been detected.  Whatever representation is chosen, it needs to be able to communicate the information quickly and effectively to the driver (Seppelt & Lee, 2007; Baxter et al, 2007).  Temporal awareness is even more difficult to display.  None of the interfaces in the study communicated this information effectively.  A digital time-to-contact display in seconds could communicate this information, but it would be likely to increase workload dramatically.  A simpler interface could just represent three states, target vehicle closing, remaining temporally static, or receding.  This would add additional complexity to both the iconic and radar displays, as it would require further coding (e.g. colour of the ‘ball’) or an adjunct display.  As well as the issues surrounding the design of the S+G-ACC interface, there is also the question of placement within the instrument cluster (Brookhuis, et al, 2008).  The iconic interfaces require less ‘real estate’ than the radar display, which makes them more practicable in contemporary vehicle.  The advent of the reconfigurable LCD instrument cluster (Knoll and Kosmowski, 2002) will make the radar display a practical, and relatively cheap, possibility.  A reconfigurable LCD instrument cluster also enables the possibility for the representation to change dynamically, such that the S+G-ACC interface might only appear when the vehicle is traveling below 26 kph and a target vehicle is detected.  Further studies would be required in order to determine the utility of such an approach.
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