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Abstract
In this study, we propose an evaluation method for an Advanced Rider Assistance System (ARAS) for two-wheeled vehicles,
combining riding simulator experiments and computer simulations in terms of cost-benefit analysis. This evaluation method
focuses on the collision warning system at intersections using an ARAS for two-wheeled vehicles. The study was carried out
experiments with 30 test subjects who have two-wheeled vehicle licenses and are not novice riders. To quantify the accident-
reduction effect, a Monte-Carlo simulation based on a time-series reliability model was used. Based on the collision probability
results derived from the Monte-Carlo Simulation, the overall error probability as a human-machine system was calculated based
on an integrated error model. In addition, cost-benefit analysis was conducted to quantify the social benefits and costs of
introducing the ARAS to the market. As a result, we confirmed that the system can be beneficial after 4 years when introduced
into the market.

Keywords Cost-benefit analysis . Evaluation method . Advanced rider assistance system (ARAS) . Human-machine Interface
(HMI) . Two-wheeled vehicles . Riding simulator . Time-series reliability model . Integrated error model

1 Introduction

Advanced Driver Assistance Systems (ADAS) for four-
wheeled vehicle safety such as Forward Vehicle Collision
Warning System (FVCWS) and Lane Departure Warning
System (LDWS) are already in practical use. Likewise,
ADAS using Information and Communication Technology
(ICT) such as Vehicle-to-Everything communication (V2X)
are currently being developed [1–3]. Owing to the spread of
such active safety systems, collision accidents of four-wheeled
vehicles are decreasing year by year [4, 5], yet collision acci-
dents of two-wheeled vehicles are still occurring with high
rates [6].

In the case of two-wheeled vehicles, Riding Simulators
(RS) have also been developed to train novice riders and to

analyze riding safety [7, 8]. Since 2008, Advanced Rider
Assistance System (ARAS) and On-Bike Information
Systems (OBIS) have been actively studied by the
SAFERIDER project [9] for two-wheeled vehicle riders using
RS. The SAFERIDER team studied five key ARAS functions:
velocity alert, curve warning, frontal collision warning, inter-
section support, and lane change support. However, there is
little previous research on ARAS for two-wheeled vehicles
[10, 11], and it is not an active field compared with studies
for four-wheeled vehicle safety. Thus, even though the vehicle
dynamics and severity of injury in collision accidents are sig-
nificantly different from four-wheeled vehicles, ARAS evalu-
ation methods for two-wheeled vehicles have not been stud-
ied. Therefore, we are focusing on an evaluation method for
upcoming ARAS for two-wheeled vehicles. This study focus-
es on the collision warning system of an ARAS for two-
wheeled vehicles, and evaluates the accident-reduction effect
through combing RS experiments [12, 13], computer simula-
tion and cost-benefit analysis. The simulation was performed
to quantify the accident-reduction effect using a model that
can evaluate comprehensive safety as a human-machine sys-
tem. The accident-reduction effects can be quantified by com-
bining RS experiments and computer simulation. But quanti-
fication of collision-reduction effects is not sufficient to eval-
uate the societal benefits of introducing the system into the

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13177-019-00215-z) contains supplementary
material, which is available to authorized users.

* Keisuke Suzuki
ksuzuki@eng.kagawa-u.ac.jp

1 Division of Intelligent Mechanical Systems Engineering, Faculty of
Engineering, Kagawa University, 2217-20 Hayashi-cho, Takamatsu
City, Kagawa Prefecture 761-0396, Japan

https://doi.org/10.1007/s13177-019-00215-z
International Journal of Intelligent Transportation Systems Research (2021) 19:44–55

/Published online: 11 January 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/s13177-019-00215-z&domain=pdf
http://orcid.org/0000-0001-7942-7610
https://doi.org/10.1007/s13177-019-00215-z
mailto:ksuzuki@eng.kagawa-u.ac.jp


market for practical use. Although there are some studies that
evaluated the accident-reduction effect of such systems [14],
there are few evaluation methods that consider the social ben-
efits. Cost-benefit analysis is typically used in evaluating the
public utility of certain services or systems as a predictor
which evaluates whether a new service or system will become
beneficial to society, or not.

In this study, we quantitatively evaluate the effects of the
ARAS not only in terms of accident-reduction effects of the
system based on RS experiments and computer simulation
methods, but also the social benefit of introducing ARAS to
society. To evaluate the usefulness of the system according to
the benefits of practical use in society, we propose an evalua-
tion method for ARAS combining riding simulator experi-
ments and computer simulation in terms of cost-benefit
analysis.

This study has the following two purposes:

1. Propose a quantification method of total collision reduc-
tion effect as a human-machine system through riding
simulator experiments and computer simulation.

This purpose aims to quantify not only collision-
reduction effect through the usage of ARAS but also to
quantify the total reduction of accidents which combines
collision due to both human errors and system errors. We
developed an RS and investigated the collision-reduction
effects of ARAS and riding behaviors (see Sect. 2). In
addition, accuracy of quantifying the collision-reduction
effects was improved by using a time-series error model
(see Sect. 4.1). The total collision accident probability
was calculated by quantified summation of collision prob-
ability of both human errors and system errors based on
the integrated error model (see Sect. 4.2).

2. Propose an evaluation method to quantify the social ben-
efit of market introduction of newARAS for two-wheeled
vehicles using cost-benefit analysis.

This purpose aims to quantify the social benefit gener-
ated by practical use of new ARAS for two-wheeled ve-
hicles. For this purpose, we quantify the social benefit and
cost. Benefit was calculated as the summation of the es-
timated value of the reduction of human loss and material
loss. Human loss was calculated according to the severity
of injury due to collision accidents based on simulated
collision velocity (see Sect. 4.3). Material loss was calcu-
lated based on the average repair cost of vehicles accord-
ing to each target collision accident pattern. Social cost is
defined as the total cost of system introduction in this
paper. Finally, we evaluate whether the system is benefi-
cial to society by comparing the cost and benefit (see
Sect. 5).

2 Riding Simulator Experiment to Evaluate
the Accident Reduction Effect of ARAS

2.1 Experiment Device (Riding Simulator)

In order to investigate the riding behaviors and collision-
reduction effect on the riders in risky situations when using
the system, an RS experiment was conducted. The RS exper-
iment considered variable conditions, scenario manipulation,
and session time, with the participation of many test subjects.
To carry out the experiment, we constructed an RS which has
a main-PC for calculating the vehicle dynamics and simulat-
ing the variable scenarios, a sub-PC for transmission of
graphics, an electric fan for increasing the reality of driving
velocity, and an actual motorcycle frame which can measure
the angle of steering, level of acceleration and brake pressure.
Figure 1 shows the configuration of the RS which we con-
structed for this experiment. In particular, for the projection of
the road environment, a Head Mounted Display (HMD) was
used to increase the reality of driving. We simulated the ex-
periment conditions and calculated two-wheeled vehicle dy-
namics using MatLab R2013a-Simulink and linked it to Car-
Sim 8.2.2. We used “DS-nano” designed byMisaki Design as
a platform software for driving simulation.

2.2 Experiment Design for Evaluating ARAS

In Japan, collision accidents of two-wheeled vehicles occur
most frequently at intersections, and many collision accidents
occur when the two-wheeled vehicle riders are driving on the
priority road. Therefore, we focused on collision accident pat-
terns at intersections when a rider is driving on the priority
road. We conducted experiments under two different condi-
tions: ARAS is in use and not in use. Figure 2a shows a risky
scenario in the riding simulator experiment. The risky scenar-
ios were designed to include an approaching vehicle suddenly
coming out from a blind spot of the intersection.

To investigate the negative effects of system usage caused
by the rider’s over-dependence on the system, we added a
system malfunction scenario for the final session of the exper-
iment. During normal operation, the simulated collision warn-
ing system at intersections provides a notification to riders
about other approaching vehicles that can’t be seen by the
rider. The system notifies riders about approaching vehicles
using both a visual icon and an audio alarm. The system pro-
vides both audio alarm and a visual icon at the same time to
increase the level of the Situation Awareness (SA) in risky
situations. The visual icon is assumed to be projected on a
Head-Up Display (HUD) while driving on a public road.
Icons were displayed at the center of the rider’s view while
wearing the HMD. The timing of alarms was set as “Time to
Collision (TTC) = 4.8 seconds” according to the approaching
vehicle, based on the Advanced Safety Vehicle (ASV)
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guidelines [15] in Japan. The provided visual icon is shown in
Fig. 2b, c and the audio alarm was approximately 500 Hz tone
with one time (presenting time = 1.5 [s]) per risky situation.

2.3 Experiment Procedure

We conducted experiments with 30 male test subjects (Mean
age = 22.1, SD = 1.47) who have Japanese two-wheeled vehi-
cle licenses and are not novice riders. We recruited the test
subjects with at least one years of the two-wheeled vehicle
driving experience. The average driving experience of the
subjects was 3.02 ± 1.66 years and driving frequency is more

than three days a week. During the RS experiments, test sub-
jects were required to drive to the final destination while
performing actions of collision avoidance in risky situations.
We required test subjects to perform the Uchida-Kraepelin test
[16] as a sub-task while driving in order to reproduce the
mental workload of actual driving. To reduce the learning
effect as much as possible, dummy scenarios with no risk were
also included in the same road environment. Table 1 shows the
experiment conditions per one test subject to investigate riding
behaviors when using Human-Machine Interface (HMI) and
not using HMI. In addition, the experiment scenarios were
randomized for each test subject. We allowed the test subjects

Fig. 1 Riding Simulator (RS)
using Head Mounted Display
(HMD) for the evaluation of
Advanced Rider Assistance
System (ARAS)

Fig. 2 Configuration of the risky
scenario in the riding simulator
experiment (a), Visual icon on
HMD to inform risky situations
(b), Experiment scene when
providing HMI alarm (c)
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adequate rest time during the experiment when they requested
a break. Likewise, the test subjects were given enough rest
after completing the experiment to prevent motion sickness
due to wearing the HMD during the experiment.

Before starting the RS experiments, we provided sufficient
explanation about the experiment and obtained preliminary
informed consent. All test subjects joined the experiment after
signing informed consent, and the content and experiment
process was reviewed and approved by the Experiment
Ethics Committee of Kagawa University.

3 Investigation Results of Riding Behaviors
Using Riding Simulator

We investigated riding behaviors in terms of parameters that
are related to the risk of traffic accidents including Reaction
Time (RT), Average Deceleration (AD). In this study, RT
means the time for the rider to start braking after detecting
dangerous objects or risky situations. This is a very common
and important parameter in the studies of traffic engineering
and traffic accidents. Riders can prevent accidents by shorten-
ing their RT. AD indicates the average value of deceleration
starting from responsive brake operation until the vehicle
stops completely and it is also a critical parameter when brak-
ing operation in risky situations. If AD is high, the rider can
stop in short time in a short distance. This parameter is highly
relevant to the RT. If RT is short, the rider can quickly detect
risky situations and stop the vehicle with safe deceleration.

3.1 Result of Reaction Time (RT)

One-way ANOVA was performed to confirm the changes of
RT according to HMI usage and at HMI malfunction. The
result of one-way ANOVA for RT is shown in Fig. 3. Each
group (at with and without HMI, and HMI malfunctioning)
has a significant difference (F (2, 147) = 252.055, p < .001,
η2 = 0.774). As a result of the homogeneity of variances, the
distribution of RT has not an equal variance (p < .001). Also,
the sample size of each condition of RT was unequaled.
Therefore, the post hoc analysis to compare the RT of each
condition can be used Games Howell, Dunnett T3, Dunnett C,
and Tamhane T2 method [17]. The multi-comparison of RT
was conducted using Dunnett T3 method to earn conservative
results. As a result, when using HMI, the RT is shorter than
without HMI (p < .001) as the result of post hoc tests (Dunnett

T3). The mean RTat HMI malfunction is longer than the other
situations, and when we compare with “without HMI” situa-
tion, there is no significant difference (p = .100). This result
also suggests even at “with HMI” the risk of collision will
increase if the system does not operate properly.

3.2 Result of Average Deceleration (AD)

One-way ANOVA was performed to confirm the changes of
AD accord ing to HMI usage and when HMI is
malfunctioning. The result of one-way ANOVA for AD is
shown in Fig. 4. Each group (at with and without HMI, and
HMI malfunctioning) has a significant difference (F (2,
147) = 67.239, p < .001, η2 = 0.478). The trend of changing
AD according to HMI usage is almost same as RT. We think
it is because the correlation between RT and AD is high (In
this study, Pearson correlation = .703, p < .001). As a result of
the homogeneity of variances, the distribution of AD has an
equal variance (p = .687). Also, the sample size of each con-
dition of AD was unequaled. Therefore, the post hoc analysis
to compare the AD of each condition can be used Fisher’s
LSD, Scheffe, Bonferroni, etc. for post hoc analysis of AD
[17]. The multi-comparison of AD was conducted using
Scheffe method to earn conservative results. When using
HMI, the AD is lower than without HMI (p < .001) as the
result of post hoc tests (Scheffe). Slow deceleration makes
the long braking distance, but the test subjects are able to stop
the vehicle safely because they are more aware of risk than
without HMI. When HMI malfunctioning, the AD is higher
than when with HMI (p < .001), but there is no significant
difference compared to without HMI (p = .989). Fast deceler-
ation allows riders to stop the vehicle in a short time in a short
distance. However, in the experiment, many test subjects have
collided because they have not enough time and braking dis-
tance due to long RT.

4 Simulation to Quantify Collision Probability
and Collision Velocity

Computer simulation of riding behaviors using experiment
results data was carried out to compensate for a statistically
insufficient amount of data from the riding simulator experi-
ment. We also quantified the total collision probability, con-
sidering both the collision probability related to human error
and the collision probability related to system error. Figure 5 is

Table 1 Experiment conditions
to investigate riding behaviors
when using HMI

Without HMI Scenarios Dummy Risk Event Malfunction
Frequency of Scenario 8 2 0

With HMI Scenarios Dummy Risk Event Malfunction

Frequency of Scenario 7 2 1
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a flowchart showing the riding simulator experiment and the
computer simulation.

This process consists of four steps. First, we investigated
riding behaviors of test subjects in RS experiments. Second,
we performed Monte-Carlo simulation based on a time series
reliability model to quantify collision probability and collision
velocity when riders are in a risky situation. Third, we esti-
mated the total collision probability based on the integrated
error model as a human-machine system. Finally, the fourth
step estimated the injury level of the riders in case of a colli-
sion accident according to the total collision probability and
the collision velocity.

4.1 Estimation of Collision Probability Using
Monte-Carlo Simulation Based on Time-Series
Reliability Model

We carried out Monte-Carlo simulation based on a time series
reliability model [16]. In this study, the time-series reliability
model represents the rider errors and environmental errors on
a time-series axis. If these two statuses (rider & environment)
are both “error” at the same time, a collision accident is judged
to have happened. Figure 6 shows the concept of our time
series reliability model. We conducted a Monte-Carlo simula-
tion based on the time series reliability model 100,000 times to
each experiment condition (With HMI, Without HMI, HMI
malfunction) to quantify collision probability and collision
velocity. The time series reliability model can quantify the
collision probability using RT, which is the time latency be-
tween recognition of a risky situation and braking, and Time
for Collision Avoidance (Tca) based on the experiment data
such as RT, AD, and etc. Tca represents the maximum time
margin during which braking operation must be performed to

avoid a collision. In other words, a collision accident will not
occur if the RT is smaller than Tca. The Tca was estimated
using the following formulas. Here, x1 is the distance between
vehicles when the riders recognized the risky situation and the
ego vehicle starts braking, and x2 is the distance traveled from
when the rider starts deceleration until the vehicle stops
completely. D is the total distance from the position of the
ego vehicle when the rider recognizes the risky situation until
the collision point. The initial velocity of the ego vehicle is v0,
a1 is the deceleration until the start of braking operation, and
a2 is AD during braking operation.

x1 ¼ v0Tca þ 1

2
a1T 2

ca ð1Þ

x2 ¼ v0t−
1

2
a2t2 ð2Þ

D ¼ x1 þ x2 ð3Þ
t ¼ v0

a2
ð4Þ

Tca ¼ D
v0

−
v0
2a2

ð5Þ

Before performing the simulation, we pre-processed the
data with appropriate probability distributions for RT and
Tca. Collecting statistically reliable data is very important,
and the reliability of data is highly related to the amount of
data. Statistical reliability requires a large amount of data, but
obtaining such in a RS experiment data requires a lot of time
and cost. So, we processed the riding behavior data from the
RS experiment to improve the reliability of data through in-
creasing the amount of data with the appropriate probability
distribution. When examining the state variables to explain

Fig. 4 Comparison of AD according to without, with and malfunctioning
HMI when risky situations

Fig. 3 Comparison of RT according to without, with and malfunctioning
HMI when risky situations
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each subject’s driving behavior, they will show statistically
normal distribution if we obtained more than 50 data based
on the central limit theorem (CLT), but there were not many
data that followed the normal distribution. This happened be-
cause some properties have different distributions such as
Lognormal, Beta, Weibull distribution, etc. Therefore, assum-
ing a single probability distribution when performing comput-
er simulations can output strange results. So, we tried to apply
an appropriate probability distribution for each state variable
in the simulation.

4.2 Estimation of Total Collision Probability
as a Human-Machine System Based on the Integrated
Error Model

To evaluate the accident-reduction effect including system
malfunction situations, we used an integrated error model
[18] which can consider human error and system error simul-
taneously. Figure 7 (left) shows the concept of an integrated
error model which calculates the total collision probability
without using the system. Figure 7 (right) shows total collision
probability with the system. Here, system error indicates the
probability of system malfunction and human error indicates
the collision probability caused by human behavior. The rea-
son for including the system malfunction scenario is that we
need to consider both human and system errors to evaluate the
collision-reduction effect. In this study, we assumed the error
probability of the system is 1% according to results of

previous research [19]. But actually, a 1% system error prob-
ability is unrealistically high. Through the assumption of a
high system error probability, we can evaluate the systemwith
greater strictness than standards for system evaluations such
as the SIL-3 of IEC 61508 or the ASIL-D of ISO 26262.

Here, Es is the error probability of the system, Er0 is the
error probability of the rider without using the system, Er1 is
the error probability of the rider with the system (human er-
ror), Er2 is the error probability of the rider when the system is
in a state of error (system error: malfunction). Therefore, Area
A means the human error probability when the system is nor-
mal, and Area B means the error probability when the system
is malfunctioning. Then, the total area of A and B indicates the
total collision probability caused by both human error and
system error. Finally, the overall error probability as a
human-machine system is calculated using the following for-
mula.

Overall error probability Area Aþ Area Bð Þ
¼ Er1* 1−Esð Þ þ Er2*Es ð6Þ

4.3 Estimation of Collision Velocity Using Monte-Carlo
Simulation

In addition to estimating the collision probability, the collision
velocity was also simulated to estimate the degree of injury to
the riders if a collision accident occurred. The collision veloc-
ity was also simulated using the Monte-Carlo simulation
method, and the simulation was performed by random sam-
pling from the probability distribution data of subject riding
behavior when riders were in a risky situation during the ex-
periment. Eq. (9) is the formula used in the Monte-Carlo sim-
ulation for estimating the collision velocity. Eq. (7) is the
formula for calculating the velocity of the ego vehicle when
the collision occurred. Eq. (8) is the formula for calculating the
velocity of the other vehicle when the collision occurred.

V0 ¼ v0− a2− Alarm Timing−RTð Þf g ð7Þ
V1 ¼ v1 ð8Þ

V2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V2
0 þ V2

1

q

ð9Þ

Here, v0 means the velocity of the ego vehicle before the
rider starts braking. Next, a2 is the average deceleration from
when braking starts until the vehicle stops completely. The
alarm timing means the system notification timing for alerting
the riders to a dangerous situation, and RT means the rider’s
reaction time until braking operation starts. In these formulas,
V1 means the velocity of the other vehicle. When the ap-
proaching vehicle doesn’t brake in the risky scenario, the ve-
hicle’s velocity at the time of collision was simply input to the
equation for estimating the collision velocity.Fig. 5 Flowchart of riding simulator experiment and computer simulation
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5 Cost-Benefit Analysis to Evaluate ARAS
as Social Benefit

Generally, cost-benefit analysis is used to evaluate large-scale
matters such as public utilities and political decisions like
environmental policy [20, 21]. Through this analysis method,
we can confirm whether the analysis subject has social bene-
fits or not, in terms of the benefit ratio (benefit / cost).
Likewise, we can also evaluate the newly proposed ARAS
from a social standpoint. Therefore, we propose combining
methods to include riding simulator experiments, computer
simulation methods, and cost-benefit analysis to evaluate the
accident-reduction effect from a social perspective.

In this study, “cost” represents the assumed price of an
ARAS multiplied by the number of two-wheeled vehicles
in Japan. We considered that introducing the system
would reduce the number of traffic accidents, therefore
reducing both human loss and material loss. This total
reduced loss (human loss + material loss) is regarded as
the “benefit”. The cost-benefit analysis conducted in this
study has four steps.

Figure 8 shows a flow chart of cost-benefit analysis that
follows the computer simulation steps in this study (Fig. 5).
First, we investigated accident data. Second, we calculated the
benefit according to insurance data and severity of injury.
Third, we calculated the cost of system introduction. Finally,
the fourth step is comparing the cost and benefit.

Step 1: Investigation of accident data.
The target accident pattern of the system used in this study

was collision accidents at intersections, so we conducted a
survey focusing on accidents that occurred at intersections
while two-wheeled vehicles were traveling on priority roads
based on the statistical traffic accident database as reported by
the Institute for Traffic Accident Research and Data Analysis
(ITARDA) [22] in Japan.

Step 2: Calculate the benefit according to insurance data
and severity of injury.

To quantify the benefit, we estimated the amount of human
loss and material loss that will be reduced by introducing ARAS
into the market. Human loss was calculated by estimating the
rider’s injury severity level based on collision velocity [23].
Severity is usually divided into 4 stages from S0 to S3. S0 is
defined as no injuries, but S0 is not applicable in accidents in-
volving two-wheeled vehicles. This is because two-wheeled ve-
hicle riders are most likely to suffer injuries when accidents oc-
cur. Next, S1 is defined as mild injury, S2 is moderate injury, and
S3 is severe injury. To estimate the severity of injury, we calcu-
lated human damage due to accidents based on automobile in-
surance data [24]. We used this data to calculate the amount of
insurance money paid per person for each level of severity. In the
insurance data from the general insurance association of Japan,
we could find the total insurance payment of each injury severity
level (From Severity 1 to 3) at a year. However, the specific
amount of insurance payment for each severity per person was
not found. So,we simply divide the total insurance payment from
the number of the accident at a year. The dividend amount was
assumed as an average insurance payment to a person when the
accident occurred for each severity level. Table 2 shows the
relationship between collision velocity and injury severity level
according to a previous study [23] and the human loss of each
severity level was calculated as the average amount of insurance
payment per person of the severity level for the year in the insur-
ance data [24].

Step 3: Calculate the cost of system introduction.
In addition, it is necessary to consider not only human loss

but also material loss. Material loss was calculated based on
the average repair amount of various two-wheeled vehicles. In
this paper, the average motorcycle repair cost is set as JPY
600,000.

Step 4: Compare the cost and benefit.
Next, by combining the material loss and human loss, we can

calculate the total loss. Reduction of this loss through introducing
ARAS is the benefit. In other words, to calculate the total benefit,
we multiplied the number of accidents for each level of severity

Fig. 6 Concept of time-series re-
liability model to quantify colli-
sion probability using Monte-
Carlo simulation
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and the human loss for each level of severity, both with and
without using the system. We also calculated the material loss
by multiplying the average repair amount by the number of ac-
cidents under each condition, both with and without using the
system.Material loss of each condition and human loss are added
to calculate the total amount of damage under each condition.
Finally, the difference between the total damage amount with and
without using the system is the benefit of introducingARAS.We
also considered the cost required for system installation, defined
as system cost for society.

In this paper, we assumed that ARASwill be installed in all
two-wheeled vehicles in Japan within 10 years. We also as-
sumed the market penetration rate, the discount rate, and sys-
tem price as required parameters for cost calculation. The
penetration rate was assumed to be 10% each year. This rate
determines how much the system will spread within the mar-
ket in one year. The discount rate is also an important factor,
because this rate estimates future prices according to the cur-
rent value. For example, if the discount rate is 4%, a value of
$100 will be equal to the current value of $96 twelve months
later. In the field of economics, it is commonly assumed that
the annual discount rate is 4%, so we also set the discount rate
at 4%. System price was based on the following formula (10),
and the price includes both the system and necessary infra-
structure. We used these parameters to calculate the annual
cost required for installing the system, as shown below.
Here, Ac is annual cost, Sp is the system price, Dr is the
discount rate, and Ep is an extension period.

Finally, we compare cost and benefit to clarify whether the
accident reduction effect due to system introduction is socially
beneficial or not.

Ac ¼ Sp*Drð Þ
1− 1þ Drð Þð Þ−Ep ð10Þ

6 Evaluation Results

6.1 Estimating Collision Probability and Collision
Velocity in Computer Simulations

We sampled experiment data in a database of RS experiment
results and simulated collision probability and collision velocity

Fig. 7 Concept of integrated error
model to quantify total collision
probability considering both
human error and system error

Fig. 8 Flow chart of Cost-Benefit analysis in this study

Int. J. ITS Res. (2021) 19:44–55 51



using a time-series reliability model to calculate the collision
probability. In this step, we simulated collision probability
through random sampling to assign values in the equation using
the probability distribution which is most similar to values of RT
and Tca in RS experiments. Results showed that collision proba-
bility is 9.0% without using the system, 0.97% with the system,
and 11.91% in cases of system malfunction. In the integrated
error model to quantify the total collision probability, Er0 repre-
sents collision probability without using the system, and Er1
represents the collision probability while using the system. Er2
represents collision probability when the system malfunctions.
Next, we applied these values (Er0, Er1, Er2) to the eq. (6)
and calculated the overall error probability as a human-machine
system.As a result, the total error probability is 1.08%,which is a
summation of 0.96% due to human error (Area A) and 0.12%
due to system error (Area B).

The simulation for calculating collision velocity was also car-
ried out. Table 3 shows the distribution of collision velocity in
relation to each system condition. The severity level is assigned
based on collision velocity, and the number of accidents in each
velocity range was calculated by multiplying the simulation dis-
tribution and actual accident data. In order to estimate the prob-
ability of collision while actually using the system, the collision
probability derived from the simulation is substituted based on
the actual number of target pattern traffic accidents in 2017
(100%), allowing us to estimate collision probability while using

the system. According to accident statistics in Japan [22], a total
of 15,656 accidents involving two-wheeled vehicles occurred at
intersections in 2017. This actual accident data corresponds to the
number of accidents without using the system in this experiment.
As a result, the human error probability is 10.67%, and the sys-
tem error probability is 1.32%. Therefore, the overall error prob-
ability of both the system and rider while using the system is
11.99%.We applied the simulation results to actual accident data
to estimate the number of collisions. Table 3 shows that the
number of collisions with the system (human error) would be
1670, with the system (system error) is 207, and the total is 1878.

6.2 Result of Cost-Benefit Analysis

The number of accidents in each velocity range was calculated
in this section. Figure 9 shows the comparison of benefit and
cost over 10 years of system introduction in the market.
Benefit is defined as the decrease of human and material loss
due to the accident-reduction effects of system introduction.
System introduction cost is calculated according to eq. (10) in
Sect. 5, by multiplying the estimated annual system cost and
the number of installed systems. As a result, we confirmed that
when the system cost is JPY 50,000, the benefit ratio exceeds
1.0 after just 4 years of practical system use. Therefore, system
usage provides benefit to society after 4 years.

Table 2 Relationship between
collision velocity, injury severity
level, and human loss based on
insurance data

Relationship between collision velocity and severity level Human loss from Japan
insurance data in 2012

Collision velocity [km/h] Severity level Injury level Human loss [JPY]

>10 S1 Mild Injury ¥547,036

>40 S2 Moderate Injury ¥7,045,832

40< S3 Severe Injury ¥28,280,543

Table 3 Estimation of severity
level based on simulated collision
probability and collision velocity

Collision
velocity [km/h]

Without
system

With system Severity

Collision from
human error (a)

Collision from
system error (b)

Total collision
(a + b)

>10 72 34 0 35 S1

>20 1522 218 12 229 S2

>30 4886 496 66 562 S2

>40 5507 539 79 618 S2

>50 2816 293 39 332 S3

>60 750 78 10 88 S3

>70 95 11 1 12 S3

>80 8 1 0 1 S3

80< 0 0 0 0 S3

Total 15,656 1670 207 1878
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7 Conclusion

In this study, we proposed an evaluation method for ARAS
which combines a riding simulator experiment, computer sim-
ulation, and cost-benefit analysis. Through our research, we
reached the following conclusions:

1. Propose a quantification method of total collision reduc-
tion effect as a human-machine system through riding
simulator experiments and computer simulation.

We conducted an evaluation experiment for a collision
warning ARAS to quantify accident reduction effects through
Monte-Carlo simulation using a time-series reliability model.
In this simulation, we calculated the reduction of collision
probability and collision velocity to estimate the social bene-
fit. We also evaluated the accident reduction effect as a
human-machine system using our original integrated error
model. Results confirmed that introducing the system into
the market would have an accident reduction effect even con-
sidering possible system malfunction.

2. Propose an evaluation method to quantify the social ben-
efit of introduction of new ARAS for two-wheeled vehi-
cles using cost-benefit analysis.

We calculated both the human loss and material loss ac-
cording to accident statistics data to estimate the benefit due to

the accident reduction effect. In addition, we calculated the
long-term cost using parameters which set the cost for intro-
ducing the system into the market over 10 years. Results con-
firmed that the benefit ratio exceeds 1.0 after 4 years of prac-
tical use, meaning that societal benefit can be gained through
ARAS introduction. Using these results, we have proposed a
method to evaluate ARAS that considers accident reduction
effects and social benefit combining riding simulator experi-
ments, computer simulation, and cost-benefit analysis.

In this paper, we proposed a multi-step method to evaluate
ARAS from a social standpoint. Our method can evaluate
ARAS with appropriate time and cost by using both RS ex-
periments and computer simulation.

In order to perform computer simulation to supplement the
statistical reliability of a limited number of experiments, we
pre-processed data describing the riding behaviors of test sub-
jects using statistical techniques. Pre-processing was neces-
sary because the riding behavior data obtained in the experi-
ments for simulations was not quite sufficient for meaningful
computer simulation. Overall trends of riding behaviors of
experiment test subjects were used to verify the probability
distribution with maximum similarity, and the number of data
was increased after curve fitting with the appropriate proba-
bility distribution. The central limit theorem suggests that at
least 50 samples are required for statistical reliability in order
to confirm overall trends of riding behaviors, but our method
is efficient enough compared to the time and cost used in
actual driving experiments. We believe this will increase the

Fig. 9 Comparison of social cost and benefit of introducing the new Advanced Rider Assistance System (ARAS) for two-wheeled vehicle safety
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reliability of computer simulation, and we think our evalua-
tion method is adequate for evaluating and comparing new
ARAS.

In our next study, we will investigate the relationship of
bio-signals and driving performance to develop a new
ARAS. Furthermore, future studies will be performed using
this system for other patterns of traffic accidents.
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