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Abstract. In a rapidly aged society, providing mobility aids such as motorized 
wheelchairs is becoming increasingly important. Such low-speed vehicles have 
recently been developed with autonomous locomotion capabilities. In order to 
enhance the security and safety offered by these vehicles, human-machine 
interfaces are needed to inform the rider about the path of locomotion that is 
being taken. In this research we developed a prototype steering interface that 
provides haptic information to the rider about the locomotion of the vehicle. 
Initial experiments using a powered wheelchair simulator were performed to 
study the most acceptable temporal characteristics of the system in terms of the 
timing of the information provided to the rider. 

Keywords: Locomotion Advance Notification, HMI, Low-Speed Vehicle, 
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1   Introduction 

Electric powered low-speed vehicles have become increasingly common because of 
the ageing population. For the elderly who have difficulties in walking, various types 
of mobility scooters have been developed. However, decreases in cognitive ability 
and judgment due to ageing make it impossible for the users of mobility aids to drive, 
even if they were able to drive previously. For the elderly with decreased abilities, 
low-speed vehicles with autonomous locomotion would be helpful. 

To date, several robotic powered wheelchairs have been developed. Some powered 
wheelchairs have semi-autonomous locomotion functions to aid users, while others 
have fully autonomous locomotion functions without any user input. The semi-
autonomous ICW [1] developed by Kentaro K. et al. coordinates with terminals 
embedded in the environment, and has collision alert and avoidance functions. 
Meanwhile, the robotic wheelchair developed by Yoshinori K. [2] et al. uses visual 
information taken from the rider’s face as well as the surroundings in order to move 
autonomously. Similarly, the TAO Aicle [3] developed by Osamu M. et al. 
coordinates with an infrastructure-based sensor system to travel autonomously. These 
projects have developed techniques necessary for autonomous locomotion, such as 
localization and object detection. To realize a secure and safe low-speed vehicle that 
is fully autonomous, other techniques for providing riders with a feeling of safety are 
necessary. 
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Advance notification of operating status is an effective means for providing a 
feeling of safety. Backup alarms on heavy trucks are typical examples of such 
notification, although the heavy trucks are not autonomous machines. Existing 
research dealing with advance notification of autonomous machines includes the 
research by Ryoujin I. et al. [4], who studied an advance notification system for the 
motion of a robotic arm, and demonstrated that the notification system was effective 
in suppressing the threat of injury to humans. In a related work, Takafumi M. [5] 
developed four types of advance notification systems for mobile robot locomotion and 
discussed their applications. All these researchers have focused on techniques for 
providing the people around the machine with a feeling of safety. 

The goal of this research is the development of an interface that provides a feeling 
of safety to the rider of a low-speed autonomous vehicle. Because the rider of an 
autonomous vehicle is one of the persons around the autonomous machine, advance 
notification of the vehicle’s locomotion should also be effective for the rider, to 
provide him or her with a feeling of safety. However, because the effectiveness of an 
advance notification system is expected to depend on the method of information 
presentation, appropriate design of the device and methods for providing information 
are necessary. Although there are many factors that should be considered for such 
design, this research focuses on the temporal characteristics of the advance 
notification system. Therefore, the main purpose of this research is the development 
of a prototype advance notification device, and to validate it in the perspective of how 
early should the locomotion system be notified. Although the intended final users of 
this system are the elderly with decreased cognitive ability, evaluation by the elderly 
at the initial stage is difficult for the variety of their characteristics. Therefore, in this 
study, the system is evaluated by the healthy young people as the first step. The 
outcome of this research will be one component of a safe and secure autonomous low-
speed vehicle. Moreover, knowledge about temporal characteristics will be helpful for 
the design of sensing algorithms and autonomous locomotion algorithms. 

2   Advance Notification System 

2.1   Conceptual Design 

For designing the user interfaces providing information, it is necessary to consider 
various types of information that are useful when presented to the user. Regarding this 
aspect, D. A. Norman [6] discussed and proposed six design rules for intelligent 
machines. Among these rules, the second rule: ‘Be predictable’ seems most 
important. Because autonomous vehicles do not rely on any user input, riders cannot 
know how and when the vehicles move. This unawareness has two disadvantages; 
unawareness of a locomotion plan can make riders feel anxious as well as prevent 
them from preparing for oscillations due to acceleration, deceleration or turning. An 
advance notification system would alleviate these concerns. In addition, riders had 
better to understand the state of the vehicle in case operations of the emergency stop 
are needed for the breakdown of the vehicle. 

Regarding the interface of an autonomous vehicle, Norman’s fourth rule, ‘Make 
the output understandable’, is also an important consideration. For example, for the 
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situation shown in Fig. 1 in which a pedestrian is approaching the rider, the reason 
why the vehicle needs to avoid the pedestrian can be easily understood by the rider. 
Because the reason for an autonomous avoidance manoeuvre is obvious in this 
situation, presenting information to the rider is not critical. However, for the situation 
shown in Fig. 2 in which a bicycle approaches from behind, the rider has no way of 
knowing why the vehicle executes an avoidance manoeuvre. As unexplained 
autonomous locomotion sometimes makes riders feel anxious, reasoning information 
is also necessary. Therefore, not only locomotion information but also information 
explaining the reasons for locomotion are important. 
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Fig. 1. Acceptance of Locomotion Information 
for a Visible Obstacle (left side) 

Fig. 2. Acceptance of Locomotion Information 
for an Invisible Obstacle (right side) 

Fig. 3 shows a schematic of the information system proposed in this research. First, 
on the basis of the information obtained from the sensors on the vehicle, the system 
alerts the rider that some type of action, such as an avoidance manoeuvre or 
deceleration, is necessary. Then the system announces the locomotion plan in advance 
before the vehicle actually moves. In this study, as the first step of this research, paths 
for turning are considered. In addition, to avoid any loss in meaning, it is necessary to 
separately provide both locomotion information and reasoning information. A method 
for separately informing the rider about the reasoning information has been discussed 
in a previous report [7]. Therefore, this research focuses on providing continuous 
locomotion information and explains the implementation of the system. The 
relationship between the users’ acceptance of the information and the temporal 
characteristics of the locomotion advance notification system is also discussed. 
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Fig. 3. Support Information Consisting of Reasoning Information and Locomotion Information 

2.2   Implementation 

There are several possible modes of communication for providing riders with various 
types of information. As each mode of communication has its own advantages and 
disadvantages, it is necessary to select an adequate mode of communication. Because 
our target autonomous wheelchair is expected to drive in pedestrian areas such as 
crowded sidewalks, the characteristics of the driving environment must be considered 
for designing the advance notification system. Because it would be difficult to use 
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auditory devices and visual devices in this situation, a haptic device was selected. 
Specifically, as shown in Fig. 4, an Information Steering system consisting of a servo 
motor and steering grip was constructed as the prototype system. To inform the rider 
of the locomotion plan, information about the future yaw rate of the vehicle is 
assigned to the rotation of the steering grip. This assignment follows a metaphor for 
steering a conventional vehicle and therefore embodies Norman’s third rule: ‘Provide 
good conceptual models’ and sixth rule: ‘Exploit natural mappings’. Therefore, this 
prototype is intuitive and easily understandable. To examine the prototype’s 
behaviour, the system was installed on a powered wheelchair driving simulator, as 
shown in Fig. 5. 

 

Steering Grip
Servo Motor

Information Steering 
rotates according to 
the future state of vehicle.

Current FutureSteering Grip
Servo Motor

Information Steering 
rotates according to 
the future state of vehicle.

Current Future   

Fig. 4. Information Steering System Fig. 5. Powered Wheelchair Driving Simulator 

To make full use of this system, it is important to decide how early should the rider 
be provided with the information about locomotion. If the system provide the rider 
with the information about locomotion too late, the information would seem useless. 
On the other hand, if it is too early, the information would seem suspicious. 
Furthermore, considering the dominant factor in acceptable advance notification 
timing is necessary to develop a versatile device. As shown in Fig. 6, the main 
candidates for the dominant factors of acceptance are ‘Distance’ and ‘Time’, although 
there might be other candidates. In the existing research regarding risk indices for 
automobile collisions [8], the dominant factor seems to be ‘Time’. However, the 
driving situations and the target vehicle in this research are different from those 
considered in the existing research for automobiles. Therefore, we conducted an 
experiment for examining the temporal characteristics of the advance notification 
system by studying riders’ acceptance of the system on a driving simulator. 
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Fig. 6. Preview Characteristics of Acceptable Information 
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3   Experiment 

3.1   Overview 

The purpose of this experiment was to evaluate subjective assessments of the 
temporal characteristics of the advance notification system. Subjects were made to 
experience autonomous locomotion on a powered wheelchair driving simulator and 
were supplied information about locomotion using the advance notification system 
equipped with an Information Steering system. The riders’ acceptance of the 
information supplied was studied by changing the velocity, course layout and preview 
characteristics of the Information Steering system. 

3.2   Method 

Fig. 7 shows the layout and appearance of the experimental course. This course was 
short enough to conduct many trips without subjects’ mental load, and the subjects 
turned only twice per trip in this course. The autonomous locomotion started from the 
point circled in orange, and turned at each corner. Because the direction of turning 
was randomly decided, the subjects did not know the direction of turning before being 
informed by the advance notification system. Table 1 shows the experimental 
conditions in terms of course length ‘L’, shown in Fig. 7, and velocity. These 
conditions were designed to be proportionate with the passing time so that the 
acceptable preview characteristics could be studied in terms of time and distance. 
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Start
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L[m]

Start

L[m]

Start
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Fig. 7. Layout and Appearance of the Experimental Course 

Table 1. Experimental Conditions 

Condition L [m] Velocity [km/h] 
I 9.0 4.5 
II 4.0 2.0 

In each trip, the preview time of advance notification of information about 
locomotion was changed between the two turns. The preview time at the second turn 
was 0.6 s shorter or longer than the preview time at the first turn. Fig. 8 shows an 
example of the changing preview time. Nine combinations of preview time were 
setup: from (0.0 s and 0.6 s) to (2.4 s and 3.0 s) stepped up by 0.3 s. The experiment 
consisted of four parts. Parts 1 and 3 were conducted with condition I, and parts 2 and 
4 were conducted with condition II. Each part consisted of 18 trips: nine trips for 
which the preview times became shorter and nine trips for which the preview times 
became longer. The experimental order for testing each condition was randomized. 
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Fig. 8. Example of Changing the Preview 
Time 

Fig. 9. Example of VAS Answer Sheet Used in 
the Experiment 

After each trip, the subjects answered questions about the acceptance and timing of 
the advance notification of locomotion with a Visual Analogue Scale (VAS) [9]. Fig. 
9 shows the VAS answer sheet used in this experiment. Two horizontal lines are 
drawn for each evaluation and the length of each line is 10 cm. Keywords such as 
‘Too early’ and ‘Acceptable’ are written on both sides of each line. Instructions given 
to the subjects were as follows: 

 
• Indicate your subjective evaluation of the acceptance and timing of the advance 

notification of locomotion by drawing a vertical line based on the keywords. 
• Do not draw a line at exactly the same position for both turns. 

After the completion of all trials, the subjects answered to a question sheet 
regarding various topics concerning the experiment. In this paper, the answers to 
following topics are discussed in the next section: 

• What was the dominant factor of acceptance? 
• How did you feel when the system presented information too early? 
• How did you feel when the system presented information too late? 
• How would your basis for evaluation change if the situation was more dynamic?  
• How would your basis for evaluation change if the wheelchair was imperfect?  

The subjects for this experiment were 14 university students who were publicly 
recruited to participate in the experiment. Although the intended final users of this 
system are the elderly with decreased cognitive ability, healthy young people were 
examined as the first step. 

Before the experiments, the subjects experienced real driving with a real powered 
wheelchair. First, they drove a powered wheelchair by themselves. Then, they rode a 
powered wheelchair which was controlled remotely from a distance by the 
experimenter. This preliminary experience enabled the subjects to imagine riding an 
autonomous powered wheelchair. Subsequently, with the driving simulator, the 
subjects experienced some sample trips that included cases in which the preview time 
was the earliest and the latest. This sample trip was intended to prevent the subjects 
from changing their basis for evaluation during the main experiment. 
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3.3   Results 

Although the answers on the question sheet indicated that most subjects evaluated the 
system positively, its effectiveness seemed to depend on the preview characteristics, 
as expected. Typical comments after the completion of all trials were as follows. 

 

• ‘If the system informed me too late, I felt I was in danger of colliding with the 
wall.’ 

• ‘If the system informed me too early, I sometimes felt anxious.’ 
• ‘If the system informed me too early, I could not judge whether the locomotion 

would be adequate or not.’ 

Because these comments indicated a strong dependence of the acceptance of the 
system on time, the distribution of acceptable preview times were analyzed 
numerically. The distributions for acceptance were approximately classified into three 
patterns: 

Group A: Providing information too late and too early were both not acceptable. 
(eight subjects) 
Group B: The earlier the information was provided, the better they felt.  
(three subjects) 
Group C: No tendency. (three subjects) 

Fig. 10 shows a typical distribution example for Group A. In the range of 
acceptance points, 0 indicates that the subjects drew the line on the left side and 100 
indicates that they drew the line on the right side. Each value on the line chart is an 
average value of the evaluations for the conditions for which the preview time was 
same. A simple parabolic distribution can be observed and the maximum value exists 
within this range of data. The results for six subjects in Group A followed a similar 
distribution to varying degrees. On the other hand, the results for the other two 
subjects in Group A followed the distribution shown in Fig. 11; a parabolic 
distribution for condition I and a slope distribution for condition II. Because the upper 
limit for the preview time was 3.0 s in this experiment, based on the limited results, 
we could not conclude whether this slope distribution was the left part of the 
parabolic distribution. The answers on the question sheet after the completion of all 
trials were similar in the perspective that providing information too late or too early 
were both not acceptable. This result is consistent with the numerical parabolic 
distribution seen in Figs. 10 and 11. 
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Fig. 10. Results for Subject S1 (Group A) Fig. 11. Results for Subject S11 (Group A) 
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Fig. 12 shows a typical distribution for Group B. A simple slope distribution can be 
observed and the maximum value does not exist in this range. The answers on the 
question sheets from Group B were similar in the perspective that earlier information 
comforted the subjects. This result is consistent with the numerical parabolic 
distribution shown in Fig. 12. 
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Fig. 12. Results for Subject S6 (Group B) 

Figs. 13 and 14 show the distribution examples of the data for Group C. The results 
for this group did not show a clear trend. To comprehend these results, the VAS 
answers of three subjects, S8, S10 and S14, were analyzed in detail. Regarding the 
results from subject S8, the acceptance points for exactly the same condition were 
differed significantly between parts of the experiment. This indicates that this subject 
changed his basis for evaluation during the experiment. This change seems to be the 
cause of the absence of any trend in the data. On the other hand, the results for 
subjects S10 and S14 indicated that the correlation coefficient between the preview 
time and the subjective evaluation of the advance notification timing was very low. 
This indicates that they did not understand or answer the VAS sheet well. 
Inexperience with VAS seems to be the cause of the unclear distribution of the data. 
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Fig. 13. Results for Subject S8 (Group C) Fig. 14. Results for Subject S10 (Group C) 

 

Based on the above results, it can be said that the most common trend in the results 
was parabolic. To understand this in more detail, the relationship between the trend in 
the data and the dominant factor for acceptance was analyzed. Table 2 presents a 
summary of the results for Group A. Because the acceptable preview times for both 
conditions are not inversely proportional to velocity, time seems to be the dominant 
factor. In fact, most subjects answered that time was one of the most dominant factors 
of acceptance. 
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The results for subjects S4, S11 and S13 seem particularly remarkable. Subject S4 
answered that visibility around the corner was one of the dominant factors of 
acceptance, and subject S11 answered that distance, rather than time, was the 
dominant factor. In addition, the trend in the data for condition II was linear with a 
positive slope, and not parabolic. Furthermore, the difference of the most acceptable 
preview times between the conditions was greatest for subject S13, although the trend 
of this subject’s responses to conditions I and II was parabolic. These results indicate 
the possibility that geometric factors could affect the evaluation basis of the 
acceptable preview time and cause the slope trend. 

Table 2. Dominant Factors for the Acceptance of Locomotion Advance Notification and Most 
Acceptable Preview Time 

  Dominant factor for  
the acceptance (Multiple 
answers are permitted.) 

Most aceeptable 
preview time 

Subject Trend Time 
factor 

Distance 
factor 

Other 
factors 

Condition I Condition II 

S1 Both parabolic O O  1.5 2.1 
S3 Both parabolic O O  2.1 2.4 
S4 Parabolic and 

slope 
O  Visibility 1.8 X 

S5 Both parabolic O   1.8 1.2 
S7 Both parabolic O   0.9 1.5 
S9 Both parabolic O   1.2 0.9 
S11 Parabolic and 

slope 
 O  1.8 X 

S13 Both parabolic O  Visibility 1.2 2.1 
(Note: X indicates that local maximum value does not exist.) 

 
In this experiment, it was assumed that the autonomous vehicle behaved ideally in 

a static situation without any interactions with pedestrians; these assumptions do not 
always hold true in the real world. To study the effects of these assumptions, the 
question sheet asked about the perceived effect of each assumption. The results 
indicate that all subjects answered that the acceptable preview timing should be less if 
the vehicle were moving autonomously in a crowded pedestrain area. In addition, 
most subjects answered that the acceptable preview timing would also need to be 
decreased if the autonomous vehicle were not perfect. These results indicate that the 
situation of the autonomous locomotion as well as degree of perfection of the 
autonomous vehicle are important factors. 

4   Conclusion 

This research aimed at developing a device for providing advance notification to 
improve the safety of autonomous low-speed vehicles. Based on the requirements of 
the system, a prototype Information Steering system was constructed. This prototype 
was examined with respect to riders’ acceptance by using a powered wheelchair 
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driving simulator. Experimental results indicated that advance notification seemed to be 
effective for riders of an autonomous low-speed vehicle. However, if the notifications 
came too early or too late, riders tended to feel anxious. Although the preview time 
seemed to have been the dominant factor for the acceptance of the advance notification 
system, geometric factors partially affected the acceptance as well. A preview time 
between 1.0 s and 2.0 s was acceptable for many riders. 

However, we acknowledge that the driving situation used in this research was 
simple and static. In future study, experiments involving a more complex and 
dynamic driving situation are necessary. In addition, because the evaluations by the 
young subjects were conducted with using a driving simulator, implementation and 
evaluations by the elderly with a real vehicle also remain as a part of future study. 
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