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ABSTRACT

The nature and the effects of improving road traffic safety by infrastructure redesign and
Advanced Driver Assistance Systems (ADAS) are different. This makes comparison of such
measures difficult, especially because relevant effect data for ADAS are not yet available. To
address this issue, a conceptual model is presented for the effects of road traffic safety
measures, based on a breakdown in underlying components of road traffic safety (probability
and consequence), and five (speed and conflict related) variables that influence these
components, and are influenced by traffic safety measures. The model allows estimating
relative effects, and together with available data on absolute effects of infrastructure
measures, to estimate absolute effects for ADAS based measures. It may in general help to
improve insight in the mechanisms between traffic safety measures and their effects. The
model is illustrated by a case study concerning rural roads in the Netherlands.

KEYWORDS: ADAS (Advanced Driver Assistance Systems), infrastructure design, traffic
safety determinant, effectiveness index
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INTRODUCTION

Traffic is the result of the interaction between humans, vehicles and road infrastructure,
subject to traffic regulations. In this process the human is a key element, but also the
weakest link. Nearly all traffic accidents are due to human error. Measures to counteract
traffic accidents can be classified as: 1) legislation and regulation; 2) change of driving
behaviour promoted by enforcement, information (government initiated campaigns),
education and driving instruction; 3) vehicle related measures, including passive components
like car structure, head restraint, seatbelts and airbag, and active components like quality of
tyres, electronic stability control (ESC), anti-lock braking (ABS) and so-called Advanced
Driver Assistance Systems (ADAS); and 4) physical road infrastructure related measures. The
effectiveness of traffic regulations (belonging to class 1) largely depends on the measures in
class 2. Especially enforcement and information need continuous efforts to make their effects
lasting. This paper focuses on the latter two classes, and especially develops a method for
comparative analysis of ADAS and infrastructure design related measures in view of traffic
safety goals.

Both infrastructure redesign and ADAS implementation may improve traffic safety by
improving the self-explaining and forgiving nature of the road environment. Self-explaining
roads have a recognisable road layout dependent on the road category, and thereby induce
adequate behaviour, thus making driving safer and avoiding accidents; forgiving roads have
structural layout elements that mitigate the consequences of accidents once they happen.
However, infrastructure design and ADAS have a totally different nature, and the way of
influencing the driving behaviour is also not the same. Moreover, safety assessment of
infrastructure measures has relatively more progressed than of ADAS implementation, as
ADAS is a relatively new technology with yet limited market penetration. With regard to data
availability, the generally used process of studying safety performance (at micro level, e.g. a
section of road or an intersection) of the two types of measures is different. The safety
impacts of road infrastructure measures are estimated mainly based on historical accident
data, statistical models based on regression analysis (e.g. linear, Poisson and negative
binomial), before-and-after studies, or expert judgement (e.g. traffic conflict techniques).
However, all of these existing approaches leave room for argument (Hydén, 1987; Miaou, &
Lump, 1993). The microscopic study of ADAS safety impacts could be carried out by using
surrogate conflict measures, e.g. time to collision, gap time, encroachment time,
deceleration rate, proportion of stopping distance, post-encroachment time and initially
attempted post-encroachment time (Gettman, & Head, 2003). But also these methods create
debate, because there is no theoretical and logical causal relationship between the studied
parameters and safety impacts, i.e. the change of accident frequency and severity. In
current traffic simulation models, assumptions concerning change of behaviour generally
have a simple and ambiguous character.

To address the issues of safety assessment in a different way, this paper presents a model
for the comparative analysis of traffic safety measures that have a different nature, based on
a break-down of the level of traffic safety into components and basic variables, which have
no or only limited overlap, and which may be influenced by traffic safety measures. Note
however that a determinant may influence another determinant, as discussed later. We
provide an in-depth qualitative and quantitative analysis of the functional relationships
between traffic safety, and road infrastructure redesign and ADAS respectively. The
application of the model is illustrated by means of a road traffic safety assessment in the
Netherlands.
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TRAFFIC SAFETY FACTORS AND DETERMINANTS

In discussing road traffic safety the focus is actually very much on the opposite concept,
traffic unsafety. It is difficult to give a precise definition for both concepts, and to find
adequate parameters for their measurement and assessment, as they have a highly
subjective and qualitative character. Generally, traffic accident statistics are taken as
assessment indicators, in particular parameters like accident frequency, accident severity,
number of fatalities, number of injuries and amount of material damage. On a macro level
such statistics provide yardsticks for traffic unsafety, and especially for trends thereof. The
numbers used are generally based on aggregation of different types of accidents, with often
quite different character, that may be related, even within one type, to very different
circumstances. In addition it should be emphasized that accident statistics, based on
historical data, is not the same as accident probability, which is based on road characteristics
and driver behaviour, although in practice one often relies on statistics to say something
about probabilities.

Traffic safety in statistical terms (75) is the resultant of two components, accident
frequency (F) (e.g. total accidents per million vehicle kilometre) and accident severity (5)
(e.g. fatality, hospitalisation, slight injury and damage-only): 75 = f(F, S). Traffic safety in
terms of probability (75) can be described as the resultant of accident probability (P) and
accident consequence (0): 7S = f(P, €). Of course frequency is related to probability, and
severity to consequence. For the two components (further named factors) probability and
consequence, five main variables (further named determinants) x; (/= 1, 2, 3, 4, 5), and
several sub-variables are identified as follows:

x, - velocity (v, speed and direction) of individual vehicle as compared to the legal speed
limit or the safe speed limit!, and to logical driving direction

X - velocity differences (Av) of traffic participants, vehicle-vehicle or vehicle-VRU
(vulnerable road user), where vehicle is to be understood as a motor vehicle

x; - conflict between different modes, especially between motor vehicles and VRUs, in
mixed traffic situations

X; - single vehicle run-off road by loss of lateral control or by wrong manoeuvring

! The safe speed limit is theoretical maximum acceptable speed for a certain location under certain
circumstances, based on traffic safety considerations, and dependent on various parameters,
especially vehicle type, type of road, road layout, road surface, road curvature, traffic density,
weather conditions, environment (e.g. urban, rural or motorway) and mix of traffic modes. The safe
speed limit is not necessarily the same as the legal speed limit. The legal speed limit is a compromise,
and the safe speed limit at a certain location may e.g. be different for 1) different vehicle types under
the same circumstances; and for 2) a particular vehicle type under different circumstances. The
concept is theoretical in the sense that even at very low speeds accidents are possible in principle.
The safe speed limit is such that the probability for an accident to happen, as well as the
consequences of an accident when it happens, is at an acceptable level. For actual in-vehicle
applications the concept safe speed is not attractive for liability reasons, and the term "recommended
speed" or "safety speed" may be used instead.
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Xxs - multi-vehicle conflict, i.e. vehicle-vehicle collision situations, with the following sub-
variables:

Xs1 - run-off lane

Xs, - intersection conflict

Xs3 - rear-end

Xs4 - head-on

Xs5 - other, e.g. U-turn related and sideswipe

The guiding principles for identifying these factors and determinants are: 1) to cover all
traffic safety related situations; 2) to avoid overlaps (as much as possible) between
determinants; and 3) to provide a convenient and transparent framework for comparative
analysis. The related functions are:

P gp(Xll XZI X3I X4I X5)
C (X1, Xo, X3, Xa, X5, P)

The diagram of Figure 1 presents the above in a schematic way. Traffic safety measures
(my) act on the various (sub-determinants and) determinants, which influence the traffic
safety factors, which in turn determine the level of traffic safety.
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Figure 1: Causal chain process for the influence of traffic safety measures on traffic safety

The following possible influences of determinants on other determinants are identified, as
illustrated in Figure 2:

- lower x; due to better adherence to legal speed limits (resulting in safer speeds) may
reduce speed differences (x,) and conflict with VRUs (x3)

- lower x; due to less inappropriate speed may reduce single-vehicle run-off-road incidents
and collisions (x; ), multi-vehicle conflicts (xs), and decrease speed differences (x;)

- lower speed differences (x) may reduce multi-vehicle conflicts (x;) and conflicts with
different modes (x3).
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x2- speed determinantx; i =1, 2,3,4, 5) behavioural change
differences (adaptation) to mitigate or
iﬁ x2=1(%3) prevent human error 4y,
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Figure 2: Traffic safety determinants and relationships, related categories of human error

The determinants may be influenced by traffic safety measures based on infrastructure
redesign or ADAS. The fundamental schema behind this influence is related to change or
adaptation of behaviour (Elvik, 2004). The causal relationships between human behaviour
and determinants are summarised as follows (Figure 2):

- Inattention (human error 1, denoted by 4;), wrong estimation of speed of own and/or
other vehicle(s), or distance with other moving or fixed vehicle(s), VRU(s) or object(s)
(4), wrong operation, e.g. no or wrong indication of intended manoeuvre, driving too
fast, or driving too close to other vehicle(s) (43), and driving under the influence of
alcohol and/or drug (As) may cause change of velocity (x;) and various conflicts (x;, x4
and xs);

- wrong operation, i.e. driving too fast (13), may influence speed differences (x);

- Incorrect application of priority rules (As) is only linked to potential non-single conflicts (x3
and xs).

The human behaviour could be influenced by various external conditions y, (n =1, 2, 3, 4,
5), which are categorized as follows:

y1 - driver, which could be quantified by, e.g. individual risk perspective, motion, skill, age
and gender;

y> - vehicle, which could be quantified by, e.g. vehicle type and quality;

ys - road infrastructure, which could be quantified by, e.g. category, road width and surface
(icy, wet or dry);

ya - traffic, which could be measured by, e.g. speed, density and flow; and

ys - environment, which could be measured by, e.g. luminosity and vision (rainy, foggy or
snowy)

However, we cannot quantify the causal chain process in detail by determine every element
(i.e. y» An and x;) directly, due to lack of statistical data and knowledge. To deal with this
problem we propose a concept model for quantitative analysis of the effects of road traffic
safety measures, which focus is on probabilities rather than on historical statistics, and a
derived method for comparative analysis of traffic safety improvement by ADAS and
infrastructure measures. Firstly we need to determine and select relevant infrastructure and
ADAS measures, that affect one or more determinants, and analyse how and to what extent
a certain measure actually reduces the negative impact of determinants on traffic safety.
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FUNCTIONAL RELATIONSHIPS: INFRASTRUCTURE DESIGN
VERSUS ADAS

Nature of Physical Infrastructure and ADAS Functions

Physical road infrastructure related measures aim to make the infrastructure such that
accidents are less likely to happen (self-explaining roads), and that the consequences are
less serious once they do actually happen (forgiving roads). ADAS applications also have self-
explaining and/or forgiving functionality. They continuously assist drivers with their driving
task, and thereby may enhance the comfort and efficiency of driving, as well as driver
performance and safety. In this way they may improve the overall level of road traffic safety,
and in addition network capacity. However, the nature of road infrastructure and ADAS
measures is quite different, which is especially reflected in the following issues:

Penetration

Physical infrastructure only influences speed or conflict at a local, or even sub-local level, i.e.
at a specific location with a specific measure. For instance, a speed hump which intends to
control the speed has effect only very locally, and the driver may speed up after passing the
speed hump. However, the effect extends to every vehicle. On the other hand, the safety
effect of ADAS by influencing speed and conflict extends to the whole network, but only for
equipped vehicles.

Flexibility and adaptability

Physical infrastructure measures cannot be easily adapted to changes in the environment,
e.g. changes in traffic density or road layout. Generally in such cases the measure needs to
be removed and/or rebuilt. ADAS on the other hand can easily adapt to such changes, e.g.
by software or map updates, while also maintenance costs are lower.

Side-effects

In contrast to ADAS, physical infrastructure measures in general have negative side-effects,
in terms of social, economic and environmental aspects. In addition, of the road
infrastructure measures only the roundabout significantly contributes to making traffic
homogeneous.

Implementation difficulty

The implementation of infrastructure redesign and of ADAS follows completely different
scenarios. The former is generally in the domain of the road owner, and thereby very much
decentralised to regional or municipal levels, and dependent on the availability of authorities’
funding, and related to schemes for road maintenance. The latter, on the other hand,
assuming a policy need for wide-spread implementation combined with insufficient basic
attractiveness for the user, is primarily dependent on regulation and/or fiscal incentives on a
national or even European level.
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Compliance of ADAS and Road Infrastructure Design

In this section the match of and the relationship between infrastructure design and ADAS
applications for enhancing road traffic safety are highlighted, partly based on (CROW, 1997;
Dijkstra, 2003; Lu, Van der Heijden & Wevers, 2003).

Table 1 below provides an outline of (twelve) different road traffic safety related
requirements for the road environment, originally formulated for the road infrastructure, and
based on three guiding principles related to network structure and layout: 1) functionality, 2)
recognisability and predictability, and 3) homogeneity. Fore each of these requirements
corresponding more concrete physical infrastructure and ADAS solutions have been
identified.

In summary, functional relationships appear to exist between infrastructure redesign and
large-scale ADAS implementation. Many of the expected effects of road infrastructure
measures show a strong overlap with potential effects of ADAS. Table 2 presents a list of
infrastructure measures and ADAS functions that potentially influence the aforementioned
five traffic safety determinants on different road categories. The table identifies, in a
qualitative way, which of the determinants are influenced by each of the listed measures,
and if this influence affects accident probability A, accident consequence C or both.
Influence on P has a self-explaining character, while influence on Chas a forgiving character.
In general infrastructure measures and informative ADAS functions focus on strengthening
the self-explaining character of the road, while warning and control based ADAS functions
focus more on strengthening the forgiving character. This analysis clearly establishes which
ADAS functions can or cannot match which infrastructure design measures.
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Table 1: Road traffic safety requirements, and match of road infrastructure redesign and

ADAS functions
#| safety requirement | possible road infrastructure solution(s) possible ADAS solution(s)
1| create / realisation | traffic calming* measures, road narrowing | speed assistance, anti-
of large-size | and  horizontal deflections, plateaux, | collision, intersection
continuous roundabouts, speed humps, and visibility | support
o residential areas and visual guidance
§§ 2| minimise part of | consistent road markings & signing to | navigation (digital map
© 5 journey on | reduce the number of category transitions | and system software
S x relatively unsafe | per route, risk per (partial) route and | adaptation)
= 9 roads crossroads distances
= *g; 3| make journeys as | short and direct routes navigation (smart
' short as possible shortest routes)
4| let shortest and | (combination of 2 and 3) navigation (combination
safest route of 2 and 3)
coincide
5| avoid search | presence and locations of signposting; | navigation (state of the
behaviour indication of ongoing route at choice | art)
= moments; street lighting at choice
3 moments
_‘S c | 6| make road | presence and type of alignment marking, | navigation (digital map
@ 2 categories of area access roads, of emergency lanes, |and system  software
S @ recognisable of bus and tram stops, and of position of | adaptation)
°2 3 bicycle, moped and other 'slow traffic;
= 4“-':’, obstacle-free;  speed limit; colour and
§ o nature of road surface
g, "'| 7| limited number of | reduce the number of structurally different | speed assistance,
8 standard traffic | crossroad types, different cross-over | navigation
e solutions provisions and category transitions, and
different right-of-way regulations (per
route)
8| avoid conflicts with | protection of oncoming traffic lane keeping assistance,
oncoming traffic intersection support
9| avoid conflicts with | protection of crossing and crossing-over | anti-collision, intersection
9 crossing traffic traffic; deduce number of possible conflict | support
S points
> q% 10 separatg traffic protection_of bicycle, mopgd, and other nav_igation, speed
T 0 categories 'slow' traffic from motor vehicles assistance, lane change
51; g assistant
g o | 11| reduce speed at| speed reduction at conflict points speed assistance
S 2 sites of potential
§ conflict
L1 12| avoid obstacles | presence and dimensions of profile of free | lane keeping assistance,
' along the | space, obstacle-free zone, and plant-free | anti-collision
carriageway zone; presence of bus and tram stops,
break-down; provisions and parking
spaces

*traffic calming - Integrated treatment of areas or stretches of road with various kinds of speed-reducing
measures in urban areas. Frequently combined with other measures like road closures, one-way streets and
reorganisation of road hierarchy (MASTER Consortium, 1998)
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Table 2: Traffic safety impacts of infrastructure design and ADAS

accident factor probability (P) consequence (C) road category
road environment self-explaining forgiving
RC1 RC2 RC3
determinant XX X X3 X Xx X X X3 X X
short and direct trips X X X X X X
lower legal speed limit X X X X
plateaux X X X X X
roundabouts X X X X X X X X X X
intersection channelisation X X X X X X X
speed bumps X X X X
traffic calming measures X X X X X X X X X
§ reduction of crossings X X X
3 "2+1" carriageway X X
GEJ parallel roads X X X
% cancel. pedestrian crossings X X
O
% particular bicycle lanes X X X
£ consistent markings & signing X X X X X
% semi-paved shoulders X X X X X
e rumble strips X X X X X X
roadside slopes & hardware X X
drainage structures X X
obstacle free zone X X X
roadside safety barriers X X X
absence of parked vehicles X X
curve flattening X X X
road surface improvement X X X X
navigation system X X X X X X X X X X
lane keeping assistant X X X X
o lane change assistant X X X
g collision warning system X X X X X
® . N
o collision mitigation system X X X X X
_g forward collision avoidance X X X X X
g adaptive cruise control X X X
§ stop-and-go X X X X X
B  adaptive light control X X X X X X
2 vision enhancement X X X X X X
% driver alertness monitoring X X X X X X
§ curve speed assistance X X X X X X X X
\%, legal speed limit assistance X X X X X
% dangerous spots warning X X X X X X X X X
intersection collision avoidance X X X
intersection negotiation X X X X
autonomous driving X X X X X

RC1: flow roads - roads with a through function, intended for the rapid movement of through traffic

RC2: connection roads - roads with a distributor and collector function, intended for the distribution
and collection of traffic to and from areas with a residential function (residential areas,
neighbourhoods, shopping areas, industrial sites, city centres, etc.)

RC3: local roads - roads with an access function, intended for the direct access to homes, shops and
companies, and ensuring the safety of the road (street) as a meeting place
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MODEL FOR THE EFFECTS OF TRAFFIC SAFETY MEASURES

A core problem in traffic safety studies is the analysis of the effectiveness of various traffic
safety measures. This analysis has progressed more for infrastructure measures than for
ADAS measures, because of the availability of data. For ADAS applications some educated
guessing is required, for which the following approach is developed.

This section presents a model for the comparative analysis of traffic safety measures that
have a different nature, based on a break-down of the level of traffic safety into components
and basic variables, which have no or only limited overlap, and which may be influenced by
traffic safety measures. In the model that we propose here we assume, as explained before,
that traffic safety is determined by the factors (accident) probability (P) and (accident)
consequence (0), and that a certain measure will reduce probability and/or consequence by
influencing the determinants that have been defined for these factors. We further assume
that we can discuss the determinants and their influences independently, i.e. we ignore any
possible (but difficult to determine) coupling between the determinants (and which have
been chosen from a perspective of minimum overlap). Traffic safety measures have a direct
influence on determinants, and through these on accident probability P and on accident
consequence C. The effectiveness of a traffic safety measure may be measured in terms of
the change in Cthat it produces. Besides having a direct influence on C (via influence on a
determinant), measures also have an indirect influence through the influence on P (via
influence on a determinant) (Figure 1). We further assume as a first approximation that the
influence of a measure on a determinant, of a determinant on Pand G, and of Pon Care all
linear. Of course this is a simplification of reality. But reality, i.e. the precise relationships, is
generally unknown. Actually only for the influence of speed on traffic safety, research has
provided some ideas, which however leave room for debate. Even if the influence is a degree
four function of the determinant, as has been derived for speed (e.g. Joksch, 1993; Nilsson,
2004), it may be assumed roughly linear for shorter intervals, and the measures will
generally address relatively short intervals of the determinants. Furthermore, for the purpose
of this study it in fact does not matter that much, as the results are used to find a suitable
way to compare the effectiveness of measures, especially to estimate the effects of ADAS
related measures for which we do not have a lot of data, by comparison with the effects of
infrastructure related measures, for which we have more insight, and for which estimates of
effects are available. It is not the purpose of the proposed model to calculate absolute
results. Note that we also assume that the effect of a determinant on consequence through
probability can be separated per determinant, i.e. that the total influence on consequence of
a certain measure through probability is the linear combination of the influences through
probability per determinant. With all these assumptions, we may then summarise the above
statements in the following formulas:
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relative effect of measure k on determinant /

dx.
—t = E,. 1
d . ki ( )

where g,denotes measure effect coefficient

relative effect of determinant /on probability related to determinant /

—=q, (2)

where ag; denotes probability influence coefficient

relative direct effect of determinant /on consequence of type j (j = 1, 2, 3, 4, representing
four types of consequence: fatality, hospitalisation, slight injury and damage-only)

aC.
it/ 3
=5, (3)

i

where f; denotes direct consequence influence coefficient

relative direct effect of probability related to determinant /on type j consequence

L= (4)

where p; denotes indirect consequence influence coefficient

total effect on consequence of type jfor determinant /

aC. dC.,
dC, =—=dx,+—=dP, (5
7 o, oP,
which results in:
dmj =& (:Bg +:ujjai) =My (6)

where r); denotes partial consequence effectiveness index

Formula (6), which gives the relative effect of measure k& on consequence of type j via
determinant /, can be easily derived from the formulas (1) to (5). It contains the following
four coefficients and one index (Figure 1):

Poster session 11



18" ICTCT workshop

The overall relative effect of measure & on consequence of type j may then be calculated as:

ij = ana] :Z Eu (ﬁy +:uij0(i) @)

As an alternative, only probability may be studied, and not consequence. This applies e.g. in
cases where only numbers of accidents are known and no information on consequence is
available. The resulting model is simpler, by using only the formulas (1) and (2) the following
alternative for formula (6) may be derived:

dP.
———=E,0, = Py (8)
dm,

which denotes the relative effect of measure k on probability through determinant /. The
overall relative effect of measure k& on probability may then be calculated as:

P, = Zpki :Z &l 9)

Note that this result is equal to putting in formula (7) all 8; = 0, and all 1; = 1. This may be
interpreted as follows: the only result of the measure that is considered is probability A.
Consequence C'is ignored, therefore S; = 0. Or stated differently, the only consequence that
is considered is probability, i.e. consequence is put equal to probability, therefore, 1; = 1.

If we know an (estimated) absolute effect for a certain infrastructure based measure, either
on probability or on consequence, the absolute effect of a matching (i.e. compliant) ADAS
based measure may be calculated if the relative effects for the infrastructure and ADAS
measures can be estimated. Instead of one ADAS based measure this may also relate to two
or more ADAS based measures that together comply with the infrastructure measure. The
relative effects still need to be estimated, but the presented model with its proposed
breakdown in more elementary parts may help to give this process of estimation a better
foundation. And although the presented model is based on quite a few assumptions, it
provides a useful first approximation for an issue that is difficult to be modelled.

If £; is the absolute effect of an infrastructure based measure on consequence of type j, En
is the absolute effect of an ADAS based measure (or set of measures) on consequence of
type j, H; is the relative effect of an infrastructure based measure on consequence of type j,
and Hj is the relative effect of an ADAS based measure on consequence of type j, then:

E,= H—f’"‘Eﬂ (10)

Jl

Similarly, if only probability is studied, and not consequence, the resulting formula is (mutatis
mutandis):

P
E,=—2E 11
"= B (11)

where E denotes absolute effect on probability.
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Values for the probability influence coefficient g, the direct consequence influence coefficient
B and the indirect consequence influence coefficient ; may be estimated based on accident
statistics. Note again that this is a use of statistical values to estimate probabilities, in the
absence of a better method. Values for the measure effect coefficient &; may be estimated
by distinguishing the following four levels of influence of ADAS and infrastructure
implementation on behaviour, each with different expected effect levels:

- information: 0.00 < &;<0.60
- warning: 0.50 < ¢,<0.85
- overrideable vehicle control: 0.75 < &;<0.95
- non-overrideable vehicle control: & =1.00

The comparative analysis of ADAS and infrastructure redesign for improving traffic safety by
estimating effectiveness indexes, which is based on currently available accident type and
causation data for rural roads in the Netherlands.

METHOD ILLUSTRATION

Since the early 1990's, especially in several European countries large-scale programmes for
infrastructure redesign have been elaborated. In the Netherlands the road infrastructure
redesign programme "Duurzaam Veilige Infrastructuur" (DVI, which actually means
"inherently safe infrastructure") was launched in the end of 1997. It aims to make the road
network more user-friendly. The objective behind is to meet the ambitious Dutch policy
targets for 2010: reductions of 50% for fatalities and 40% for severe injuries with respect to
the 1986 figures (Dutch authorities, 1997). This extensive programme covers 30 years and
involves high investments (EUR 15 billion for a limited implementation or EUR 30 billion for a
full implementation, partly to be funded from regular local budgets for road maintenance)
(Poppe, & Muizelaar, 1996). In the mean time the development of ADAS is further
progressing, and several applications come closer to possible high volume market
introduction. However, data of potential safety improvement through ADAS applications are
not available. In this section we illustrate the estimation of potential safety improvement
through ADAS applications by comparison with road infrastructure measures using the
conceptual model.

In previous research of the SWOV (Dutch Institute for Road Safety Research), potential
safety improvement of DVI in 2010 as compared to the situation in 1998 was analysed and
predicted, especially regarding fatalities and injuries (on which the Dutch traffic safety policy
focuses), taking into account changes of road length and traffic density. The study is based
on historical accident data, statistical models using regression analysis, before-and-after
studies, expert judgement and educated guessing. (Janssen, 2005) These data are used to
identify the absolute effects of infrastructure redesign (£; and £).

Values for the coefficients g, B; and p; were estimated partially based on accident type and
causation data provided by the SWQOV, in a database that is available on the SWOV web site,
and in addition based on expert knowledge and educated guessing, as such accident data
are generally incomplete and full of overlaps. The SWOV database contains accident data
from 1980 to present including details such as accident type, road category, speed limit,
crash situation, road situation, environment and 77 different accident causes. Registration
levels for fatalities, hospitalisations and damage-only accidents are about 95%, 60% and
12% respectively, according to SWOV specification. Based on these data a table was created
that provides for each of the provided accident causes the number of accidents, the number
of fatalities and the number of hospitalisations for which it was the main accident cause. The
SWOV figures that were used include a correction for underreporting. For each of the
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accident causes it is then judged if it relates to a certain determinant x; (/= 1, 2, 3,4, 5). The
judgement is based on expert knowledge acquired in discussions with experts from the
SWOV and other experts, and from literature study. Then values for the coefficients are
calculated as follows:

the sum of the numbers of accidents related to x; divided by the total number of accidents
provides a value for the probability influence coefficient «;

the sum of the numbers of fatalities related to x; divided by the total number of fatalities
provides a value for the direct consequence influence coefficient g, for fatalities (j = 1);

the sum of the numbers of hospitalisations related to x; divided by the total number of
hospitalisations provides a value for the direct consequence influence coefficient for
hospitalisations 5, (j = 2);

the sum of the numbers of fatalities related to x; divided by the total number of accidents
related to x; provides a value for the indirect consequence influence coefficient u, for
fatalities (= 1); and

the sum of the numbers of hospitalisations related to x; divided by the total number of
accidents related to x; provides a value for the indirect consequence influence coefficient
1, for hospitalisations (j = 2).

The resulting values of the influence coefficients for each determinant are listed in Table 3.

Table 3: Estimated values of influence coefficients

probability | direct consequence influence coefficient indirect consequence influence coefficient
determi | influence
nant coefficient | /= 1 (fatality) Jj = 2 (hospitalisation) Jj =1 (fatality) Jj = 2 (hospitalisation)
X1 a = 0.021 ,311 = 0.026 ﬁlZ = 0.009 Hil = 0.071 M2 = 0.193
X @ =0.030 | By = 0.009 By = 0.007 by = 0.016 by = 0.096
X a;=0.176 | By = 0.009 B2 = 0.038 51 = 0.003 s> = 0.088
X4 a; = 0.109 ,341 = 0.077 ﬁ42 = 0.016 M4y = 0.038 M = 0.059
Xs a = 0.591 &1 = 0.056 &2 = 0.011 Hs1 = 0.049 Hsy = 0.073
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Table 4: Measure effect coefficients and potential safety improvement by DVI and ADAS on

rural roads in the Netherlands (1998-2010)

. DVI . Ei En | 4 ADAS . En B
(k) ' (%) (%) (K . (%) (%)
D1 separate bicycle lane %(38=5 10.1 6.9 | Al anti-collision %302 06 04
&3 = &3 =
0.05 0.20
road category Eg = N &g =
D2 recognisable 0.05 0.1 0.2|A2 navigation 0.20 0.4 0.8
& = & =
0.05 0.20
& =
£q = ] 0.75
D3 plateau 0.65 35.0 25.0| A3 speed assistance 46.0 38.1
’ Ep =
0.30
&3 = &3 =
0.60 S 0.05
D4 parallel roads 248 179 | A4 anti-collision 1.4 0.7
& = Es =
0.85 0.05
D5  carriageway separate “3573 9.8 7.2 | A5 lane keeping %“82 119 87
D6 pedestrian crossing & =1.00 51 42| A6 anti-collision %302 0.3 0.2
D7 semi-shoulder &q =0.65 20.0 14.0 | A7 lane keeping &4 =085 26.2 18.3
D8 obstacle free zone &4 =0.70 55.1 39.2 | A8 lane keeping &4 =0.85 669 47.6
& =
En = . 0.75
K A9a  speed assistance 17.8 7.4
0.90 £ =
£ = 0.30
D9 0.95 —
roundabout 75.0 53.0 | A9b intersect. support %660 38.6 17.4
&g = ’
0.60 £o =
& = . .. 0.05
A9c  anti-collision 3.6 2.9
0.70 s =
0.05
D10  reducing crossing %“7‘5 80.0 57.0 | A10 intersect. support %“63 64.0 45.6
D11 guard-rail %"4;5 54.8 38.7 | A1l lane keeping &+ =085 62.1 43.9
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Table 4 presents the result of the comparative analysis of potential safety improvement in
2010 by the implementation of DVI (£;) and ADAS (Eu) for fatalities (j = 1) and
hospitalisations (j = 2) respectively. The table includes values for the measure effect
coefficient &; for each measure. These values were estimated based on subjective
judgement of to what extent a measure influences a determinant. Note that the values for
Ei; and £, are based directly on SWOV data, while the values of £, and £ are derived from
these values using formula (10). The values of the coefficients in Table 3, and of the
measure effect coefficients in Table 4 are used to calculate the respective values of the Hj
and H; in formula (10), by applying formula (7).

It should be understood that the presented values are only a first approximation to illustrate
the conceptual model. Certainly better values may be obtained by more elaborate analysis of
available data and by use of additional expert knowledge.

DISCUSSION

The presented conceptual model is based on various assumptions, some of which are
certainly simplifying with respect to reality, but inevitable, in absence of more precise insight.
As a model in general is an abstraction of reality, this is allowed, as long as the assumptions
are reasonable and based on literature study, educated guessing and common sense. It is
difficult at this stage to assess the validity and reliability of the model. The model provides
however a practical but founded method to address the problem of assessment of a traffic
safety measure when only incomplete data are available. It thereby simplifies the
comparative analysis of traffic safety measures with different nature and makes the
assessment procedure more transparent and understandable. The model may also be a
valuable tool for further analysis, which in the end may help to improve the very model itself.
The assumptions and resulting uncertainties especially concern the qualitative and
quantitative analysis of the relationships between measures, determinants and factors, and
the assumption of linearity of the various coefficients. Of these, the relationship between the
traffic safety factors probability and consequence could be further studied, e.g. by using grey
system model (Deng, 1989). Uncertainty is also caused by the absence of sufficient and
reliable data.

The analysis of the functional relationships shows strong links between road infrastructure
redesign and ADAS functions. The road traffic safety assessment for rural roads in the
Netherlands indicates that ADAS may be effective for improving road traffic safety, but also
that some physical infrastructure measures (e.g. roundabouts, and protection of VRUs by
separation of traffic modes) may be more effective than ADAS measures. Because several
supporting technologies (sensors and communication) for ADAS still need considerable
improvement in robustness and reliability (Lu, Wevers & Van der Heijden, 2005), this may
change over time.

Some safety related infrastructure measures cannot or not entirely be matched by ADAS
(e.g. roundabouts, separated bicycle routes and vehicle parking separated from the road),
while conversely not all of the safety related ADAS functions can be matched by
infrastructure measures (e.g. vision enhancement, driver alertness monitoring, adaptive
cruise control (ACC), stop-and-go, lane change assistance and collision mitigation systems,
which are not included in this research). Concerning the presented model, this implies
especially a problem for the non-matched ADAS functions. To evaluate these we could, in
principle, estimate, e.g. based on simulation, the changes of accident factors through the
change in driving behaviour and related reduction of human error through ADAS. Estimation
of the precise influence (and thereby of absolute effects) of ADAS on driving behaviour is
however difficult, partly because ADAS applications have limited market penetration or are
even not yet on the market.
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CONCLUSION

For a structured, comparative evaluation of alternative strategies for road traffic safety,
based on ADAS implementation, road infrastructure redesign, and combinations of these,
and of their trade-off with a focus on possible substitution, a tool is needed to assess the
potential safety effects of measures of quite different nature. Existing approaches for safety
assessment are open for debate. In addition, analysis of safety effects of ADAS applications
is more difficult than of road infrastructure measures because of incomplete information. It is
especially difficult or even impossible to establish absolute values for such effects.

The paper presents a model for quantitative analysis of the effects of road traffic safety
measures, based on a breakdown of the causal chain between measures and effects. The
focus is on probabilities rather than on historical statistics. Two stochastic components of
traffic safety are determined (the factors probability and consequence), and five (speed and
conflict related) determinants that influence these factors. Probability also has an impact on
consequence. The determinants may in turn be influenced by traffic safety measures. The
relationships between the identified elements of the causal chain are modelled by
coefficients. The relationships between measures and determinants have a more subjective
character, and their coefficients need to be estimated based on expert judgement. The other
relationships have a more technical character, and although their coefficients are estimated
from accident statistics, more sophisticated estimation methods may be developed that
better comply with their stochastic character. In general the proposed breakdown increases
the understanding of the whole process, and thereby facilitates the estimation. Based on the
model a method is developed for structured comparative analysis of traffic safety measures.
The method enables estimating absolute effects for a measure based on the absolute effects
of another measure, by estimating the relative effects of both measures. This is particularly
helpful for assessing the effects of ADAS based measures, for which few data exist, by using
existing data for infrastructure based measures. This method is illustrated with a case study
for a part of a rural road in The Netherlands, which provides some interesting, but very
preliminary results.

The presented model contributes to the quantitative comparative analysis of safety
performance of strategic scenarios based on infrastructure redesign, ADAS, as well as
combinations of these. Both the model and the derived method for comparative analysis
operate at a micro level, and only address the safety effects of measures. The results can be
used in a macroscopic model together with other non-safety related parameters for
evaluating the overall effects of traffic safety measures.
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