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Abstract: The role of powered two-wheeler (PTW) transport from the perspective of a more sustain-
able mobility system is undermined by the associated high injury risk due to crashes. Motorcycle-
based active safety systems promise to avoid or mitigate many of these crashes suffered by PTW
riders. Despite this, most systems are still only in the prototype phase and understanding which
systems have the greatest chance of reducing crashes is an important step in prioritizing their de-
velopment. Earlier studies have examined the applicability of these systems to individual crash
configurations, e.g., rear-end vs. intersection crashes. However, there may be large regional differ-
ences in the distribution of PTW crash configurations, motorcycle types, and road systems, and hence
in the priority for the development of systems. The study objective is to compare the applicability of
five active safety systems for PTWs in Australia, Italy, and the US using real-world crash data from
each region. The analysis found stark differences in the expected applicability of the systems across
the three regions. ABS generally resulted in the most applicable system, with estimated applicability
in 45–60% of all crashes. In contrast, in 20–30% of the crashes in each country, none of the safety
systems analyzed were found to be applicable. This has important implications for manufacturers
and researchers, but also for regulators, which may demand country-specific minimum performance
requirements for PTW active safety countermeasures.

Keywords: motorcycle; powered two-wheelers (PTWs); safety systems; antilock braking (ABS);
autonomous emergency braking (MAEB); collision warning; curve warning; curve assist

1. Introduction

Motorcycles and mopeds—also called powered two-wheelers (PTWs)—play an in-
creasingly important role in personal mobility in several countries. In the state of Victoria,
Australia, from 2007 to 2012, the number of registered motorcycles increased by 30.6%
(from 122,825 to 160,390), while passenger vehicle registrations increased by only 9.2%
over the same period [1,2]. Similarly, there have been large increases in PTW numbers in
Sweden (+50% from 2000 to 2013) [3] and Italy (+44% from 2004 to 2016) [4]. However, this
large increase in registered PTWs increases the effect of the dangerous nature of these types
of vehicles [5].

Despite their many advantages (e.g., low cost, minimum space occupation, and fuel
efficiency) the risk of PTW riders and passengers suffering serious and fatal injuries is
much greater than that of passenger car occupants: in Australia, fatality and serious injury
rates per kilometer are 29 and 37 times higher for a PTW rider, respectively, than for other
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vehicle types [6,7]. Furthermore, the comparison between the number of PTW riders killed
and the percentage of motorcycles in the fleet highlights the dangerous nature of PTWs:
in the state of Victoria, Australia, motorcyclists represented 12.0% of people killed in road
crashes in 2014, despite PTWs comprising only 3.9% of the registered vehicle fleet [8,9].
Similar results were found in the United States and Italy, where the accident statistics show
that PTW riders or passengers represent, respectively, 11.8% and 25.3% of people killed
on the roads, although motorcycles represent only 2.8% to 13.1% of the total [10,11]. New
developments in road safety are required to reverse this trend by reducing PTW rider risk.

The increasing prevalence and effectiveness of active safety systems, e.g., electronic
stability control [12], has greatly improved the safety of passenger cars. However, many
factors, such as the unstable nature of PTWs and the increased influence of external forces,
make the development of active safety systems for PTWs more challenging. The European
Transport Safety Council (ETSC) has noted that, while design and construction improve-
ments in cars have contributed to reductions in deaths, this has not been the case for
motorcycles [13]. This lack of development could explain why, while road death numbers
are generally declining, the deaths among motorcyclists have increased over the last decade
in the European Union [14]. Many studies have proven the potential effectiveness of PTW
active safety systems in avoiding PTW crashes or reducing their resulting injuries [15–18],
but, at the same time, the improvements and the implementations of these systems have
become increasingly difficult, both from a technical and economic point of view. To address
these challenges, in recent years it has become increasingly important to perform applica-
bility assessment studies. They make it possible to evaluate whether a safety system would
apply to a crash based on crash features such as the crash configuration: “The active safety
system X would have been applied in the accident scenario Y”. Therefore, applicability
studies represent the starting point of efficient effectiveness studies, determining the sys-
tems on which it would be most beneficial to concentrate the available economic resources
in terms of safety system research (effectiveness analysis that consider the benefits follow-
ing the systems’ activation—e.g., [19,20]) and development (market penetration facilities
and physical limits improvements).

Previous research has estimated the applicability of PTW active safety systems as a
function of crash scenarios in Australia [21]. However, how these results can be generalized
to other regions of the world is unknown. Several factors may result in regional differences
in countermeasure applicability, such as the primary use of PTWs, the composition of the
PTW fleet, the road system, and the traffic conditions. Each of these factors may directly
impact the applicability and priority of the proposed active safety systems. There is a need
for a multi-region applicability study to identify needs, opportunities, and priorities for
PTW active safety systems development worldwide.

This study aims to assess and compare the applicability of five promising PTW active
safety systems [22] in the Australian, Italian, and US PTW fleets, using real-world crash data
from each region. The systems considered are: antilock braking systems (ABS), motorcycle
autonomous emergency braking (MAEB), collision warning, curve warning, and curve
assist. The new proposed approach aims to determine which systems have the greatest
chance of reducing crashes and how differences between countries that influence system
applicability could lead to region-specific priorities for developing systems.

2. Materials and Methods

Country-specific applicability for each system, alone and in combination, was esti-
mated using three real-world crash databases containing crash data from Australia, Italy,
and the US. In addition, using the approach developed in an earlier Australian study [21], it
was possible to compare the results with those obtained from the analysis of the Australian
Road Crash Information System (RCIS) database. The new proposed approach is one of the
first methods to allow an applicability comparison among datasets originally characterized
using different standards.
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2.1. Settings: USA, Prato (IT), and Victoria (AUS)

Data for this study were taken from three different regions: the state of Victoria
(Australia), the Municipality of Prato (Italy), and the United States of America (USA). Some
characteristics of the three regions are shown in Table 1.

Table 1. Comparison among the three regions considered: US, Victoria, and Prato, plus the addition
of the Italian data. In the upper section of the table, general data about the country and the fleets
are reported (N◦ of vehicles and N◦ of PTWs in the region, N◦ of all crash typologies and N◦ of
PTW crashes, fatalities in all road crashes, and fatalities in PTW crashes). In the central and lower
sections are reported the ratios and proportions used for a first comparison between the countries.
The Victorian” percentage of PTW crashes w.r.t. (with respect to) all crashes” has no value due to
the lack of data regarding all the crashes that occurred, i.e., only crashes with fatal and hospitalized
injured riders were counted in national reports.

Victoria (2014) Prato (2018) USA (2018)

Population 5,800,000 190,000 326,895,465
N◦ vehicles 4,483,098 154,557 297,042,658
N◦ PTWs 174,336 18,080 8,305,171
All crashes 5098 964 6,734,000
PTW crashes 958 294 82,124
Killed in all crashes 249 9 35,560
Killed in PTW crashes 30 0 4181
Ratio vehicles/population 0.77 0.81 0.91
% PTW in the fleets 3.9% 11.7% 2.8%
(PTW per 1000 vehicles) (38.9) (116.9) (27.9)
Mortality rate (killed in all crashes for 100,000 inhabitants) 4.29 4.73 10.87
% PTW crashes (w.r.t. all crashes) - 30.5% 1.2%
% Killed in PTW crashes (w.r.t. all fatal crashes) 12.0% 0.0% 11.8%

As of December 2014, the state of Victoria had an estimated population of 5.8 mil-
lion [23] and presented 4,483,098 registered vehicles (773 vehicles per 1000 persons) [8].
The operator must be at least 18 years of age to hold a motorcycle learner’s permit [9].
Likewise, as of December 2018, the Municipality of Prato had a population of 190,000 with
154,557 registered vehicles, i.e., 813 vehicles per 1000 persons [24]. To hold a moped or
motorcycle license, the operator must be at least 14 years old or 18 years old, respectively. In
2018, the United States had a population of 327 million, with a fleet of 297 million vehicles
(909 vehicles per 1000 persons) [25]. Each state has its own rules, but generally, a PTW
license can be obtained from 16 years of age in the US.

One major difference among the three regions is the higher prevalence of PTWs present
in Prato (and Italy (Appendix A Table A1)) compared to the US and Victoria (Table 1, middle
section), although the ratio between the number of registered vehicles and the population
is similar for all three regions (Victoria = 0.77; Prato = 0.81; US = 0.91). In 2018, 11.7% of
Prato’s fleet of vehicles were PTWs (18,080), and the percentages for the wider contexts of
Tuscany (the region that contains the Municipality of Prato) and Italy were similar: 15.8%
and 13.1%, respectively [10,24]. In contrast, in the state of Victoria (2011) and the US (2018),
only 3.9% and 2.8%, respectively, of registered vehicles were PTWs [8,26]. These differences
in PTW prevalence and use are likely to be greater than estimated based on registered
vehicle numbers, since for countries such as the US and Australia, motorcycles are more
often not the user’s primary motor vehicle for transport. For example, in Victoria, Australia,
it is estimated that less than 1% of vehicles actually in traffic are motorcycles [27].

The lower part of Table 1 also highlights the high risk of PTW riders and passengers
suffering fatal crashes worldwide, with fatally injured PTW riders/passengers in the United
States (from 2016 to 2018) representing 11.8% (4181) of the total crash fatalities, despite
PTW crashes representing only 1.2% (82,124) of the total crashes [25]. The same dangerous
nature of PTWs is also found in Italy: even if, in 2018, only 14.2% (24,550) of total crashes
were PTW crashes, the PTW riders or passengers killed in crashes represented 25.3% (844)
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of the people killed in all crashes—see also Appendix A Table A1 [10]. Since the Australian
database contains only crashes with seriously injured people [28], to avoid possible bias,
the relative occurrence was not calculated (“% PTW crashes (w.r.t. all crashes)” of Table 1).

The statistical validity of PTWs’ higher risk of being involved in a crash and the riders’
higher risk of being killed was assessed using a two-proportion Z-test with p < 0.01. The
null hypothesis “there is no difference being involved in a crash between PTWs and other
vehicles” and “there is no difference being killed during a crash between PTWs and other
vehicle drivers” were both rejected. The greater risk of PTWs being involved in a crash
and of riders being killed was found to be statistically significant (p < 0.01) for all three
regions. It was not possible to reject the null hypothesis for the Prato region, as there were
no people killed in a PTW crash in 2018.

2.2. Data Sources: CRSS, Prato-X, and MICIMS Database

The active safety systems applicability assessment was carried out based on real-world
crashes contained in the Australian Managing Increasing Challenges in Motorcycle Safety
(MICIMS) database from Victoria, the new Prato-X database from Italy, and the US’ Crash
Reporting Sampling System (CRSS) database. Table 2 lists the main characteristics of the
three datasets.

Table 2. Comparison of the main characteristics of the three databases analyzed in the study: Prato-X,
CRSS, and MICIMS. The data presented are: extended database name; number of crashes extracted
from each dataset (for US, sampling weights were applied); crash location; crash period; road types;
injury types; and a special characteristic of the MICIMS dataset. The last row reports the original
dataset categorization method.

MICIMS Prato-X CRSS

Extended name
Managing Increasing

Challenges in
Motorcycle Safety

– Crash Reporting
Sampling System

Location Victoria, Australia Municipality of Prato United States of
America

Considered crashes
(with sampling weights) 235 294 6088

(265,361)

Period 01/2012–08/2014 2018 2016–2018

Type of roads Urban and rural Only urban Only urban

Included crashes Hospital admission
(non-fatal injury) Police reported Police reported

Particular
characteristic

Only crashes where
injured riders were

admitted to one of the
hospitals within the

study area

– –

The Australian dataset, MICIMS, contained 235 PTW crashes from 2012 to 2014 that
occurred on urban and rural roads in Victoria. MICIMS includes only crashes where
motorcycle riders were non-fatally injured and admitted to one of the hospitals within
the study area. A description of the characteristics of the MICIMS database can be found
in previous studies [29,30]. The Prato-X database comprises data provided by the Prato
Police for the 294 PTW crashes that occurred in the urban area of the Municipality of
Prato during 2018. For each crash, the police collected information regarding the crash
circumstances, the environment, the vehicles, and the people involved. The US Crash
Report Sampling System (CRSS) is a nationally representative sample of all police-reported
crashes in the US. Case weight values were assigned to each sample, following the national
estimates procedure [25], to estimate the national incidence of each crash type. The CRSS
comprised 6088 PTW cases from the years 2016 to 2018. To better compare with Prato-X
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(which contains exclusively urban crashes), only PTW crashes that occurred on urban roads
were extracted from the CRSS dataset. An estimated total of 265,361 US PTW crashes was
obtained after applying the CRSS sampling weights. The results obtained from the analysis
of these three datasets were also compared with the applicability results obtained from the
analysis of the crashes that occurred in the state of Victoria between 2001 and 2011 and
were contained in the Road Crash Information System (RCIS) [21].

2.3. Crash Classification

Each database codes crashes according to its own national standards and rules. This
section describes the method used to express all the crashes with the same crash configura-
tion variables.

MICIMS codes crash configurations according to the Australian Definition for Clas-
sifying Accidents (DCA) chart [31]. The Australian DCA chart (Appendix A Figure A1)
is divided into 10 categories, comprising 81 total crash configurations, each described
by a pictogram containing the trajectory of the vehicles involved in the crashes without
distinguishing between types of vehicles. Following Savino et al., it was necessary to extend
the crash configurations from 81 to 152, because the original Australian DCA code does
not specify the type of vehicle to which the trajectories correspond [21]. The expansion
was achieved by introducing a new variable, “Type”, that specifies all the possible combi-
nations of the position of motorcycles and other vehicles. Figure 1 shows an example of
this extension process. Therefore, each of the MICIMS crashes was re-coded in one of the
152 possible extended DCA crash configurations.
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Figure 1. Example of the extension process applied to DCA scenario n◦110 (left). It was divided into
four different crash scenarios (right) using the variable “Type”, which specifies all possible crash
combinations, i.e., if vehicle 1 and 2 are PTWs or other vehicles and all the possible combination of
crashes between them.

Prato-X codes crashes using the national rules released by the Istituto Nazionale di
Statistica (ISTAT), which employs short text descriptive phrases. Using the sanitized police
crash information, each Prato-X crash was manually coded using the extended DCA code,
after first adjusting the codes for driving on the right side of the road. This new chart
(Appendix A Figure A2), called the Italian DCA, also contained 152 crash configurations,
which specify the vehicle positions and types.

CRSS codes crash configurations based on an Accident Type classification scheme
(Appendix A Figure A3), which contains 64 crash configurations divided by typology [11].
The main difference between the Accident Type and the DCA tables is that CRSS’ Accident
Type table is based largely on the type of impact, while the DCA table is mainly based on
the intentions and maneuvers of the riders. To make comparison with the other datasets
possible, the Accident Type configuration chart used in CRSS was translated to the Italian
DCA configuration chart, as they both use right-hand driving. To better specify the cor-
respondence, additional CRSS variables [11] describing riders’ intentions and maneuvers
were included as needed (Appendix A Table A2 shows the correspondence between the
charts). Figure 2 shows an example of the translation between Accident Type scenario n◦83
and DCA n◦113, as well as the CRSS variable “Initial Contact Point”, which was used to
make a distinction between DCA n◦113 type C or D.
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Figure 2. Example of the translation process between AccType scenario n◦83 and DCA n◦113. The
picture on the right shows the CRSS variable “Initial Contact Point”, used to make a distinction
between the two possible correspondences of Accident Type scenario n◦83 with DCA scenario n◦113
Type C or Type D.

In this case, Accident Type scenario 83 was found to be equivalent to:

− DCA scenario n◦113 type C when the CRSS variable “Initial Contact Point” had a value
between 1 and 11 for the PTW and between 7 and 11 for the other vehicle.
− DCA scenario n◦113 type D when the CRSS variable “Initial Contact Point” had a value
between 1 and 5 for the PTW and between 1 and 11 for the other vehicle.

Figure 3 depicts the method proposed to express all the crashes with the same variables.
MICIMS crashes were re-coded using the extended DCA chart containing 152 pictograms
and obtained with the addition of the variable “Type”. Prato-X data were re-coded using
the same extended DCA chart, after adjustment for right-hand driving. Regarding CRSS
crashes, firstly, the exact correspondence between the Accident Type and the DCA scenarios
was found. Then, the crashes were re-coded using the DCA chart with right-hand driving.
However, Accident Type scenarios 1, 3, 6, 8, 34 to 41, and 54 to 61 did not correspond to
any DCA scenario and were analyzed separately.
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cedures, were both re-coded using the extended DCA adjusted for right-hand driving (Italian DCA).
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2.4. Determining Device Applicability

To make comparison possible also with the results obtained for the Australian RCIS
crash database, the evaluation of safety system applicability was carried out using the
same method as Savino et al. [21], who developed a scoring scheme for each safety system
ranging from 1 (“system would have definitely not applied to crashes belonging to a given scenario”)
to 4 (“system would definitely have applied”). In this study, the authors revised the definition
of category 4 to improve clarity (“system would have applied if the technology was activated”)
to emphasize the potential relevance of the systems. A score value of 2 was used in cases
where the application was controversial, while a score value of 3 indicated “Would probably
have applied but before some technical challenge need to be solved”. The scheme illustrated in
Figure 4, regenerated from Table 1 in Savino et al. (2019), was based on a detailed taxonomy
of the functionality, purpose, and applicability of the five safety systems [21]: for each
score, specific and detailed rules were developed based on the current understanding of
the device’s functionality.
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The antilock braking system (ABS), already implemented in high-level PTWs, is use-
ful for reducing braking distance and preventing wheel lock during intense braking or
conditions of low adherence [32,33]. Motorcycle autonomous emergency braking (MAEB)
performs a braking maneuver when the rider has no time to brake. AEB has been imple-
mented in passenger cars but has not yet been implemented in PTWs, as it is still in the
prototype phase [19,20]. Collision avoidance technologies for PTWs are systems designed
to scan the environment and surroundings of the vehicle, issuing a warning to the rider
when a risk of a collision has been computed. A similar system was recently implemented
in production bikes (e.g., 2020 Ducati Multistrada) [34–36]. Curve warning is a prototype
system that monitors the real-time state of the PTW and issues a warning to the rider when
it identifies curve hazards [37,38]. Lastly, the prototype curve assistance system checks
the vehicle dynamics in real time and makes some adjustments (i.e., engine torque/brake)
when a loss of control is detected [17,39].

Two of the authors of [21] independently categorized each of the 152 extended DCA
crash scenarios into one of the four relevance categories using the rules reported in Figure 4
(adjusted from Table 1 of [21]). A third researcher independently assessed the classification
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agreement. The three researchers were academics with at least 10 years of experience in the
development and assessment of vehicle safety systems. This method was characterized
by: (a) a large set of configurations used for the definition of the crash scenarios; (b) a high
degree of detail in the definition of the taxonomy; and (c) a limited number of researchers
involved in the evaluation process.

As reported in the Appendix A of Savino et al. (2019), the quadratic weighted kappa
was used [40,41] as a measure of the inter-rater reliability statistic. The authors found
that the quadratic weighted kappa was statistically significant and therefore the level of
agreement was substantial.

Regarding the Accident Type scenarios with no correspondence to the DCA scenarios
(n◦1, 3, 6, 8, 34 to 41, and 54 to 61), two authors of the present work (P.T. and M.D.)
separately assigned the relevant category to the scenarios for each safety system based on
their functionality (Figure 4). After carrying out the assessment, two experts on road safety
(G.S. and H.C.G.) assessed the classifications to make a final decision for the scenarios
where there was no agreement.

Having assigned a relevance score to each scenario (Appendix A Table A3), the
applicability of the safety systems to each real crash contained in the three datasets was
determined. Each safety system was considered independently and in combination.

3. Results

This research aimed to perform an applicability assessment of five PTW safety systems
using real-world crash data from three different regional databases. Tables 3 and 4 show
the percentage of crashes to which each safety system is relevant, alone and in combination.

Table 3. Applicability comparison between countries with percentages of crashes for each category
and safety system.

Category 1 Category 2 Category 3 Category 4

System would definitely not
have applied

System would possibly have
applied (the applicability is

controversial)

System would probably have
applied (technical challenge

still needs to be solved)

System would have applied if
the technology was activated

MICIMS Prato-X CRSS MICIMS Prato-X CRSS MICIMS Prato-X CRSS MICIMS Prato-X CRSS
ABS 6.4% 7.7% 15.8% 40.3% 29.1% 28.0% 4.7% 3.2% 10.6% 48.7% 60.0% 45.6%
MAEB 44.1% 33.0% 32.7% 22.5% 28.1% 44.3% 26.3% 31.2% 8.8% 7.2% 7.7% 14.2%
Collision warning 36.9% 31.2% 30.1% 9.7% 7.0% 11.0% 30.5% 29.8% 33.1% 22.9% 31.9% 25.9%
Curve warning 66.1% 88.1% 84.2% 9.3% 7.4% 5.7% 0.0% 0.0% 0.0% 24.6% 4.6% 10.1%
Curve assist 54.2% 60.4% 70.4% 16.5% 32.6% 11.4% 4.2% 2.5% 7.9% 25.0% 4.6% 10.4%

Table 4. Applicability comparison of safety systems alone or in combination.

Category 4 Category 3 + 4

MICIMS Prato-X CRSS MICIMS Prato-X CRSS

Safety Systems Alone

ABS alone (A) 25.8% 28.1% 19.7% 0.8% 1.7% 0.8%
MAEB alone (B) – – – – – –
CollWarn alone (C) – – – 0.4% – 1.1%
CurveWarn alone (D) – – – – – –
CurveAssist alone (E) 0.4% – 0.3% 0.4% – 0.5%

Two Systems in Combination

A + C 15.7% 24.2% 11.6% 15.3% 20.4% 27.2%
D + E 24.6% 4.6% 10.1% 24.6% 4.6% 10.1%
C + E – – – 0.4% 0.4% 2.5%
Other double combination – – – – – –

Three Systems in Combination

A + B + C 7.2% 7.7% 14.2% 33.5% 38.9% 23.0%
A + C + E – – – 3.8% 2.1% 5.2%
Other triple combination – – – – – –
None apply 26.3% 35.4% 44.0% 20.8% 31.9% 29.7%
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3.1. Independent Systems Analysis

ABS was potentially relevant (category 2 + 3 + 4) for 93.7% of crashes contained in
MICIMS, 92.3% in Prato-X, and 84.2% in CRSS. MAEB, on the other hand, “would have
applied if the technology was activated” (category 4) for 7.2% of MICIMS crashes, 7.7% of Prato-
X, and 14.2% of CRSS. Collision warning systems were considered potentially relevant
(category 2 + 3 + 4) for 63.1% of crashes in MICIMS, 68.8% in Prato-X, and 69.9% in CRSS.
On the contrary, curve warning was considered definitely not relevant (category 1) for
66.1% of MICIMS crashes, 88.1% of Prato-X, and 84.2% of CRSS. Similarly, curve assist was
definitely not relevant for 54.2% of MICIMS, 60.4% of Prato-X, and 70.4% of CRSS crashes.

The safety system with the highest percentage of crashes classified in category 4 was
ABS (MICIMS = 48.7%, Prato-X = 60.0%, CRSS = 45.6%), followed by collision warning
(MICIMS = 22.9%, Prato-X = 31.9%, CRSS = 25.9%). Categories 2 and 3 were found to be
particularly important for MAEB, as they included 48.8% of MICIMS, 59.3% of Prato-X,
and 53.1% of CRSS crashes.

To assess if the differences in the percentages between countries were statistically
significant, a chi-square test with p < 0.05 was performed. Except for “curve warning”
category 3 (because of its null result), the null hypothesis “there is not a statistical difference
between the percentages of applicability for the safety system in the countries” was rejected.

3.2. Combined Systems Analysis

For each dataset, Table 4 presents the percentage of crashes that were sensitive to a
single system at a time (i.e., crashes that were not sensitive to more than one system) or
to a set of multiple systems (i.e., crashes in which more than one system may have been
applied). Focusing on the category 4 rating (high relevance), ABS alone obtained maximum
applicability compared to the other systems: the percentage of crashes sensitive to only
ABS (category 4) was between 19.7% and 28.1%. When considering ABS and collision
warning in combination (A + C), i.e., both systems may have been applied, the percentage
of sensitive crashes was between 11.6% and 24.2%.

Table 4 also shows the percentage of crashes where no safety system was found
applicable (“None Apply”). None of the five selected safety systems obtained a score of
4 for 26.3% of crashes in MICIMS, 35.4% in Prato-X, and 44.0% in CRSS. Furthermore,
considering category 3, the crash percentages were reduced by 4–6% in the case of Prato-X
and MICIMS, and by almost 15% in the case of the CRSS dataset.

4. Discussion

The main challenge of the comparison was that, initially, crashes were coded differently
from country to country: MICIMS crashes used the DCA scenarios with left-hand traffic,
Prato’s crashes were cataloged using the ISTAT standard, and the CRSS database used the
Accident Type classification. Despite this, our thorough re-coding methodology yielded
comprehensive results showing the variability of the applicability of the five safety systems
for the three countries considered.

4.1. ABS

ABS showed the largest independent applicability: its category 4 “Would have applied if
the technology was activated” contained 48.7% of MICIMS crashes, 60.0% of Prato-X crashes,
and 45.6% of CRSS crashes. Savino et al., using the same method but considering both
urban and rural Australian crashes in the RCIS dataset, obtained an ABS applicability of
40.6% [21]. Rizzi et al., using different methods, obtained for Sweden an ABS relevance of
38% for all crashes and 48% for severe or fatal crashes [16].

Difference between Countries—ABS Category 4

ABS maximum relevance for Prato-X (60.0%) was quite different from both the litera-
ture and the other datasets analyzed in this paper: more than 10 percentage points greater
than MICIMS and CRSS, and 20 percentage points greater than the RCIS database studied
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by Savino et al. [21]. The reduced number of crashes contained in Prato-X, compared
to CRSS and RCIS, may have influenced this result. However, this does not explain the
10-percentage-point difference between the Prato-X and MICIMS databases, which contain
a comparable number of crashes: 294 and 235, respectively. In this case, the difference in the
results was likely influenced by differences in the features of the two countries’ transporta-
tion systems, such as the different road systems and the high number of mopeds in Prato’s
fleet. MICIMS contains crashes that occurred within 150 km of the city of Melbourne,
the capital of the state of Victoria and the second-most populous city in Australia [30].
Urban areas of the city contain large arterial roads, extra-urban roads, highways, and
freeways, while non-urban areas are higher-speed zones with access to recreational routes
with curved roads. Motorcycles also tend to be larger with relatively large engine capacities.
Prato-X, on the other hand, contains crashes that occurred in the Municipality of Prato, a
typical small/medium-sized Italian city, characterized by narrow streets, no highways, and
high traffic on the roads. Due to these factors, 74% of Prato’s crashes occurred from contact
with other vehicles or with pedestrians/bikes (only 4.6% of Prato-X crashes were detected
while the PTW was cornering or in high-speed zones): these are scenarios where braking
can be useful, and therefore, where ABS scored higher. On the contrary, 38.6% of MICIMS
crashes occurred while cornering or in high-speed zones, scenarios where ABS has lower
applicability. In addition, the high presence of mopeds—PTWs with an engine capacity
equal to or less than 50 cc—in Prato’s fleet could have influenced the high applicability of
ABS: they represented 36% of the PTWs involved in Prato’s crashes and, after an analysis
of the Prato Police data, none were found to be equipped with ABS. The lack of vehicles
equipped with this system could have increased its applicability: if it had been more
widespread, it is possible that many crashes would have been mitigated or avoided.

The greater diffusion of ABS in the future will definitely bring the ABS category 4 of
Prato-X to a value closer to that of other countries. This improvement could be achieved by
reducing the cost of ABS, facilitating its implementation on mopeds, and by increasing the
presence of high-level PTW types.

4.2. MAEB and Collision Warning

MAEB obtained the maximum applicability (category 4) in 7.2% of MICIMS, 7.7%
of Prato-X, 14.2% of CRSS, and 5.7% of RCIS [21] crashes. Meanwhile, almost half of the
crashes contained in the datasets belonged to controversial categories where the MAEB
applicability was uncertain (category 2 + 3): 48.8% for MICIMS, 59.3% for Prato-X, 53.1%
for CRSS crashes, and 41.6% for the RCIS dataset analyzed by Savino et. al. [21]. These
results are aligned with studies that performed detailed crash reconstruction [20]. Typical
scenarios where MAEB obtained a rating of 2 or 3 were crashes where the PTW was
initially partially adjacent to the car (e.g., sideswipe crashes): at present, instruments to
detect obstacles located laterally/frontally are reaching a high technology readiness level
(TRL) and approaching a market release [36,42,43]. Such systems, once validated in field
operational tests with motorcycles, could shift many of these crashes into category 4 of the
MAEB. Such developments could also influence category 3 of collision warning, shifting
many of these crashes into category 4.

Difference between Countries—MAEB Category 3

Substantial differences between regions were found for MAEB category 3: 26.3% for
MICIMS, 31.2% for Prato-X, 8.8% for CRSS, and 17.3% for RCIS crashes [21]. While the
MICIMS result is discussed later in the paper, the difference between Prato-X and CRSS
was likely influenced by the variations in the number of sideswipe crashes between the
datasets (MAEB has score 3 in sideswipe scenarios): making up 10.2% in Prato-X but only
2.9% of the total crashes in CRSS. These different percentages reflect the different traffic
conditions in the two countries: in Italy, due to the layout of the roads and the typical traffic
conditions, it is usual for PTWs to overtake other vehicles sideways when they are in a line.
This maneuver is the reason for the high number of sideswipes in Prato-X crashes: cars in a



Sustainability 2022, 14, 7563 11 of 20

row often turn to enter into secondary roads or private properties and hit PTWs intent on
overtaking. This fact could have influenced the MAEB category 3 results for the Italian city.

On the contrary, the high percentage of crashes contained in MAEB category 3 of
MICIMS was caused not by transportation features, but by one particular characteristic of
this database: it contains only crashes where the rider/passenger was injured and admitted
to one of the hospitals within the study area (Table 2). As a result, in MICIMS, there is
a prevalence of scenarios where the rider has a high probability of being injured. For
example, scenarios DCA 121 type C and 113 type C (where the other vehicle (Vehicle 1)
cuts in front of the PTW (Vehicle 2)) have a high probability of the rider being injured, and
in fact represented 16.5% of the total crashes, while in the Prato-X and CRSS datasets, they
represented only 6.7% and 0.6% of the total, respectively.

4.3. ABS Plus MAEB Plus Collision Warning

ABS and collision warning are non-automatic safety systems, as they require the rider
to take action for any safety benefits to be achieved. For this reason, riders may benefit
more from the combined use of ABS and/or collision warning with MAEB. The advantages
of these systems can add up in many situations, such as in a case where a rider may not
have braked due to not recognizing the risk of a crash. In a situation like this, a collision
warning system could trigger braking intervention by the rider, increasing the effectiveness
of ABS. Additionally, MAEB could perform braking for riders if they do not brake despite
the collision warning. When the DCA vehicle movement was classified as category 4, the
combination of ABS and collision warning (A + C) covered a large number of crashes
(Table 4): 15.7% in MICIMS, 24.2% in Prato-X, 11.6% in CRSS, and 17.4% in RCIS [21]. Good
coverage was also provided by the combination of ABS, collision warning, and MAEB
(A + B + C): 7.2% in MICIMS, 7.7% in Prato-X, 14.2% in CRSS, and 5.7% in RCIS [21].

4.4. Curve Warning and Curve Assist

When considering only category 4 scenarios, both curve warning and curve assist
applied to only 4.6% of Prato-X crashes. This result differs from those of Savino et al. [21]
and Biral et al. [44], where the systems were each found to be applicable to approximately
16% of crashes. For the CRSS dataset, the percentage was almost double (CW = 10.1%;
CA = 10.4%), and it was even higher for MICIMS (CW = 24.6%; CA = 25.0%).

Differences between Countries—Curve Warning and Curve Assist Category 4

The higher MICIMS percentage was obtained because 58 out of 235 crashes (24.6%)
were DCA scenarios involving a vehicle being run off the road on a curve, (scenarios
between 180 and 184, “Off path on curve”; Appendix A Figure A1). In contrast, due to
the narrow urban streets and the low speed of the PTWs (comprising mostly mopeds),
Prato-X crashes that occurred while navigating a turn represented only 4.6% of the total
crashes (scenarios 180 to 184). It is interesting to note that the two countries that exhibited
the highest applicability for curve warning and curve assist systems, the US and Australia,
are the countries in this study known for recreational PTW use. This may indicate a link
between recreational PTW use and the loss of control at higher speeds while navigating
turns, which promotes the implementation of these systems especially when motorcycles
are used recreationally.

4.5. Remaining Crashes

After considering the coverage of category 3 and 4 scenarios, for either an independent
system or a combination of systems, it was possible to determine the percentage of crashes
where no safety system was considered applicable. The raw “None Apply” value in the
right-side of Table 4 represents the number of crash scenarios where all five safety systems
obtained scores lower than 3. The crashes in this group for Prato-X and MICIMS largely
comprised loss-of-control scenarios (“Off path on straight” and “Off path on curve”, DCA
columns 8 and 9; Appendix A Figure A1). For CRSS, nearly half of the crashes in this group
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consisted of PTWs that were rear-ended, run-off-road cases (not due to traction loss), and
cases where the PTW was sideswiped.

The large percentages of cases for which none of these systems would apply emphasize
the need to develop new solutions, especially in cases where the PTW is sideswiped or
experiences a loss of control.

5. Limitations

One limitation of this study was that the systems’ applicability was based only on
the crash configuration, which was a typology of data available in all the datasets (even if
originally coded differently) but that did not provide specific information about the crashes.
This influenced the applicability of the non-automatic safety systems—i.e., that require the
rider to take action to achieve any safety benefits—such as ABS or collision warning. A
more confident assessment of applicability would be possible using information regarding
the riders’ activation of the brakes or avoidance maneuver (for collision warning), and
the locking of the wheels (for ABS); however, this type of data was not available for CRSS
and Prato-X. This could have led to an overestimation of the applicability of these two
systems. Future studies that analyze riders’ actions (e.g., naturalistic data) are encouraged
to validate these results.

An additional limitation was that we did not consider rider behavior factors (ability to
react, medical or other impairment such as fatigue or alcohol), environmental conditions
(i.e., weather and lighting), the physical limitations of the systems, and the riders’ ability to
disable the system, which are variables that could influence a system’s applicability. Future
effectiveness studies should consider these factors, as well as the presence of passenger
vehicle technologies that might prevent crashes involving a motorcyclist [45], given that a
relatively high proportion of these crashes involve errors by other drivers [29].

Lastly, even if it is proven that crashes within these countries have different con-
tributing factors and that therefore the benefits of these technologies would not be evenly
distributed, it is possible that, even within a single country, different areas could have
different tendencies. Other than incorporating new crash datasets, future research should
statistically relate the benefits of the safety systems to the tendencies of the crashes’ con-
tributing factors.

6. Conclusions

This research was performed to assess and compare the applicability of five up-
and-coming active safety systems in three different countries. Furthermore, the new
proposed approach shows that there is space and need for PTW-based active safety systems,
highlighting which system has the greatest chance of reducing crashes.

Aiming to achieve maximum coverage with the minimum number of systems, ABS
and collision warning have the greatest chance of reducing crashes, as they were found to
be applicable to half and one-quarter of the crashes of each database, respectively. Although
these results are consistent with the literature, the applicability obtained by using a scenario-
based approach could be improved in future studies that consider more in-depth crash
datasets. Curve warning and curve assist are the only systems considered useful during
the navigation of a curve. Even if the results for these systems varied widely between
countries, their percentages were the same within individual countries. As Savino et al.
determined from the RCIS dataset, these results suggest that all riders who could benefit
from curve assist would also benefit from curve warning. Considering three systems at a
time, riders may benefit from the combined use of ABS and collision warning with MAEB
in one-third of crashes (category 3 + 4).

Furthermore, this study proved that the device relevance for each of these systems de-
pends largely on the geographical location of interest. The countries analyzed in this paper
differ according to their roadway structures (narrow roads versus wider highways); rules
of the road (left-hand versus right-hand traffic); how PTWs are generally used (recreational
use versus practical use, such as for commuting); and PTW interactions with passenger
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vehicles (US fleets contain larger vehicles and more pickup trucks, while the Italian fleet
contains a consistent percentage of PTWs, including mopeds). Despite these differences,
the proposed applicability assessment of PTW active safety systems presented in this study
shows the need to prioritize the development of such systems. This has important impli-
cations for both researchers and manufacturers seeking to prioritize the development of
active safety countermeasures for a particular PTW fleet. In addition, because active safety
countermeasures may differ by motorcycle type, these regional differences suggest that
regulators may need to consider country-specific minimum performance standards.
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Appendix A

Table A1. National crash statistics of Australia and Italy [10,46]. The Australian “percentage of PTW
crashes w.r.t. (with respect to) all crashes” has no value due to the lack of data regarding all the
crashes that occurred, i.e., only crashes with fatal and hospitalized injured riders were counted in
national reports.

Australia (2014) Italy (2018)

Population 23,490,700 60,480,000
N◦ vehicles 17,633,493 51,682,370
N◦ PTWs 780,174 6,780,733

All crashes 34,091 172,553
PTW crashes 7734 24,550
Killed in all crashes 1156 3334
Killed in PTW crashes 192 844
Ratio vehicles/population 0.75 0.85
% PTW in the fleets 4.4% 13.1%
(PTW per 1000 vehicles) (44.2) (131.2)
Mortality rate (killed in all crashes for 100,000 inhabitants) 4.92 5.51
% PTW crashes (w.r.t. all crashes) - 14.2%
% Killed in PTW crashes (w.r.t. all fatal crashes) 16.6% 25.3%
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Table A2. Part of the translation of the Accident Type scenarios into DCA scenarios. In many cases,
additional CRSS variables were used to better characterize the scenarios and express the correspondence.

DCA + Type (ITA and AUS) AccType (USA) Use of Additional Variables
for Translation

100/101/102/103/104/105/167 13 No
106/107/108/109/169 15/16 No

110A 86 No
110B 89 No
110C 88 No
110D 87 No

112A/B 81 No
112C 80 Yes
112D 80 Yes

113A/B 82 No
113C 83 Yes
113D 83 Yes
114A 74 + 75 Yes
114B 74 + 75 Yes
114C 74 + 75 Yes
114D 74 + 75 Yes

115/117AB/CD 84 + 85 Yes
115/117CD/AB 84 + 85 Yes

116A 78 Yes
116B 78 Yes
116C 79 Yes
116D 79 Yes

118ABCD 84 + 85 Yes
119 84 + 85 + 90 + 91 Yes
120 50 + 51 Yes

121A/B 68 No
121C 69 Yes
121D 69 Yes
129 52 + 53 + 62 + 63 + 66 + 67 Yes

130/131/132A 20 + 24 + 28 Yes
130B 21 + 25 + 29 Yes
131B 22 + 26 + 30 Yes
132B 23 + 27 + 31 Yes
133A 44 Yes
133B 44 Yes
133C 45 Yes
133D 45 Yes
134A 46 No
135A 47 No
136A 70 Yes
136B 71 Yes
137A 72 No
137B 73 No
139 32 + 33 + 42 + 43 + 48 + 49 No

140A 76 Yes
140B 76 Yes
140C 77 Yes
140D 77 Yes
141 11 + 12 Yes

144/146 92 No
145A 21 + 25 + 29 Yes
145B 20 + 24 + 28 Yes
149 98 + 99 Yes

150A 50 + 51 + 64 Yes
150B 50 + 51 + 65 Yes
159 98 + 99 Yes
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Table A2. Cont.

DCA + Type (ITA and AUS) AccType (USA) Use of Additional Variables
for Translation

160/161/162A 11 No
163 12 Yes
164 12 Yes
165 12 Yes
166 12 Yes
171 7 Yes
173 2 Yes
175 14 No
179 04 + 05 + 09 + 10 Yes

180/182/184 02 + 07 Yes
181/183 02 + 07 Yes

189 04 + 05 + 09 + 10 Yes
198 98 Yes
199 99 Yes

Table A3. DCA scenarios that obtained a categorization value of 3 (system would probably have
applied) or 4 (system would have applied) for the safety systems analyzed. DCA scenarios not
included in this table did not obtain a relevance level of 3 or 4 for any safety system.

Code (DCA) ABS MAEB CollWarn CurveWarn CurveAss

100–105 4 – 4 – –
106 – – 3 – 3
107 4 – 3 – –
108 4 3 4 – –
110 4 3 (PTW into OV) 4 – –
111 4 (1 PTW), 3 (2 PTW into 1 OV) 3 (1 PTW into 2 OV) 3 – 3 (2 PTW)
112 4 (1 PTW) – 3 – 3 (2 PTW)

113 3 (1 PTW, 1 OV into 2 PTW),
4 (2 PTW into 1 OV) 3 (2 PTW into 1 OV) 3 – 3 (1 PTW)

114 3 (2 PTW) – 3 – 3
115 3 – 3 – 3
116 3 (1 PTW), 4 (2 PTW) 3 (2 PTW into 1 OV) 3 – 3 (1 PTW)

117–118 3 – 3 – 3
120 4 – 4 – –
121 3 (1 PTW), 4 (2 PTW) 3 (2 PTW into 1 OV) 3 – 3 (1 PTW)
122 4 (1 PTW), 3 (2 PTW) – 3 – 3 (2 PTW)

123–125 3 – 3 – 3
130–132 4 (1 PTW) 4 (1 PTW) 4 (1 PTW) – –

133 4 (1 PTW) – – – –
134–135 3 (1 PTW) – 3 (1 PTW) – 3 (1 PTW)
136–137 4 (2 PTW) 3 (2 PTW) 3 (2 PTW) – 3 (1 PTW)

140 4 – 3 – 3 (1 PTW)
141 – – – – 3

142–143 4 (2 PTW) 3 (2 PTW) 4 (2 PTW) – –
145 4 (2 PTW) 4 (2 PTW) 4 (2 PTW) – –
147 4 3 (1 PTW into 2 OV, 2 PTW) 4 – –
148 4 3 (1 PTW into 2 OV, 2 PTW) 3 – –
150 4 – 3 – –
152 – – 3 (2 PTW) – –
153 3 (1 PTW), 4 (2 PTW) – 3 (1 PTW) – –
154 – – 4 (1 PTW) – –

160–162 4 (1 PTW) 4 (1 PTW) 4 (1 PTW) – –
163 4 – 4 – –
164 4 3 4 – –
165 4 4 4 – –

166–167 4 – 4 – –
175 4 – 4 – –

180–184 – – – 4 4
189 – – – – 4
192 4 4 4 – –
193 4 – 4 – –
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Figure A3. CRSS US “Accident Type” chart, used in the original CRSS categorization. 
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