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Abstract

Surrogate measures of safety (SMoS) are meant to function as tools to investigate traffic safety. The term
surrogate indicates that these measures do not rely on crash data; instead, they focus on identifying safety critical
events (or near-crashes) in traffic, which can be used as an alternative to crash records.

The overall aim of this thesis is to explore which SMoS are suitable when analysing the safety of vulnerable road
users (pedestrians and cyclists). The thesis attempts to answer this question using two different approaches: 1) a
literature review focusing on existing surrogate measures and how well they consider vulnerable road users from a
theoretical perspective, and 2) four observational studies which focus on the validity of SMoS and their relation to
exposure.

The literature review focuses on identifying existing SMoS, and on two main aspects when evaluating their
suitability for analysing the safety of vulnerable road users. Firstly, if the indicators theoretically are able to
measure both the risk of collision and the potential for injury should a collision occur, and secondly, to what extent
vulnerable road users were included in previous validation studies. The findings from the literature review are that
the most commonly used indicators (Time to Collision Minimum and Post Encroachment Time) are also the most
validated, but that they have several theoretical limitations, mainly that they to do not measure injury potential and
that they measure the severity of an event based on the outcome rather than the initial conditions or
potential/observed evasive actions. There are also several indicators which theoretically are more suitable but
instead lack validation studies.

The observational studies, which make up the second part of this thesis, consist of an attempt at a large-scale
validation study, followed by several studies which focus on the shortcomings discovered in the first attempt. The
large-scale study is based on three weeks of video recordings made at 26 signalized intersections in seven
European countries. The analysis of these videos resulted in three major findings. Firstly, the lack of comparable
crash records made any large-scale validation attempts impossible. Secondly, the lack of comparability between
the critical events identified by human observers and those identified by computer calculations made it infeasible
to perform a long-term analysis. Thirdly, there is a significant relationship between meetings and critical events
identified using Time to Collision Minimum and Post Encroachment Time, which suggests that some of the benefit
of using those (and other indicators) might originate from their inherent connection to simple meetings between
road users (i.e. exposure).

Following these results, the thesis presents a limited validation study based solely on the Scandinavian
intersections followed by a suggestion for how a relative approach to validity might offer a potentially easier way of
evaluating SMoS in the future. The results from these studies indicate that Time to Collision Minimum can
measure safety to at least some extent, while Post Encroachment Time meassures it to a lesser extent. Due to the
strong connection between critical events and meetings, the thesis also explores how a meeting between road
users can be defined and how understanding what constitutes an opportunity for a crash might help to explain the
so-called safety-in-numbers effect, as well as how future SMoS studies should consider meetings.
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1. Popularvetenskaplig
sammanfattning

Denna avhandling handlar om att undersoka hur néstan-olyckor kan anvéndas for
att studera trafiksidkerhet med ett fokus pa oskyddade trafikanter (cyklister och
gaende). Den grundldggande idén dr att farliga situationer i trafiken kan anvindas
for att studera sidkerhet, vilket kan gora det mdjligt att snabbt och effektivt analysera
sékerheten utan att forst behova vinta pa olyckor. Avhandlingen fokuserar pa att
undersoka hur dessa farliga situationer kan identifieras baserat pa videoinspelningar
av 26 signalerade korsningar i 7 europeiska lander.

Idén om att studera nistan-olyckor har anvints i olika former sedan 1960-talet och
det finns darfér en méngd olika metoder for hur man kan identifiera farliga
situationer, samt flera olika forklarningar om vad som innefattar en farlig situation.
Ett av resultaten fran denna avhandling visar att #id till kollision &r det vanligaste
sdttet att bedoma hur farligt ett mote mellan tva trafikanter ar. 7id till kollision &r en
indikator som uppskattar hur lang tid det kommer att ta tills att tva trafikanter
kolliderar forutsatt att bada trafikanterna fortsétter sin fard utan att bromsa. Denna
avhandling fokuserar pd hur bra méatt som detta fungerar och om de verkligen kan
anvindas for att studera trafiksékerhet.

Resultatet frdn avhandlingen har ett tydligt budskap: mattet #id till kollision kan till
viss del anvéndas for att analysera sékerhet och producerar béttre resultat 4n andra
indikatorer som testats i avhandlingen. Dock tyder resultatet dven pa att det finns en
stark koppling mellan de testade matten och antalet méten som sker. Det &r till viss
del sjalvklart att det finns en sddan koppling, d& det &r omojligt att ha en néstan-
olycka mellan tva trafikanter utan att ocksa ha ett mote mellan dem. Samtidigt &r
det viktigt att ndstan-olyckorna ger oss mer information om sikerheten dn bara
antalet moten. Tanken bakom néstan-olyckorna &r att de inte bara ska méta hur
manga mojligheter till olyckor som sker (mdten) men ocksa kunna identifiera de
mest allvarliga motena.



Resultatet fran avhandlingen tyder alltsé pa att de indikatorer som testats har en
stark koppling till antalet moten som sker. Den mest sannolika forklaringen ar att
indikatorerna misslyckas med att enbart identifiera farliga situationer, och dven
identifierar en mingd situationer som datorn felaktigt har bedomt som farliga. Detta
kan antingen ske pd grund av hur indikatorerna &r designade, eller hur de har
beréknats i datorn.

Avhandlingens resultat &r intressant i samband med den snabba utvecklingen och
framvédxten av videoanalys som skett under 2010-talet. Videoanalys och
datorseende har sett en markant forbéttring med hjdlp av metoder som
maskininldrning. Detta skapar nya mdjligheter for att studera trafikbeteende med
hjélp av modern teknik. Resultatet och medf6ljande diskussioner om méten och
ndstan-olyckor i denna avhandling har mdjligheten att forbittra hur den nya
tekniken kan anvindas for att béattre studera trafiksdkert med fokus pa oskyddade
trafikanter.



2. Introduction

Surrogate Measures of Safety (SMoS) are meant to function as tools to investigate
traffic safety. The term surrogate indicates that these measures do not rely on crash
data but instead are meant to be an alternative and a complement to analyses based
on crash records. The traffic safety can generally be considered as the absence of
unintended harm to living creatures or inanimate objects (Evans, 2004).

The underlying idea of SMoS is that there are some critical events in traffic that,
while not resulting in a crash, are somehow more severe than normal events. The
idea is that these critical events can be used to study traffic safety without directly
relying on the crashes themselves. SMoS generally works by categorising traffic
events based on some measure of severity. Assuming more severe events have a
stronger causal connection to crashes and therefore safety, an analysis of the safety
can be made by investigating the occurrences of severe events. It is also possible to
study the causal mechanisms that result in severe events, which in turn can allow
for a better understanding of why crashes occur.

The approach based on SMoS has several advantages compared to accident-based
analysis. The main advantage is that the analysis is pro-active (there is no need to
wait for crashes), and in some conditions more time-efficient, informative, and even
accurate (Hydén, 1987; A. Svensson, 1992). As a further consideration, SMoS can
also be applied in cases where crash records are lacking, or in other scenarios in
which more traditional methods are of limited use.

Background

Need for SMoS and some limitations of crash data

Traditionally, road safety is described in terms of number of crashes or injuries that
occur in traffic. While crash data have the most direct connection with traffic safety,
it has several limitations:



e (Crashes are rare and random events, and the number of crashes recorded
every year at the same place is not the same, even if the traffic situation is
unchanged. Following this perspective, the number of crashes per year is
also a somewhat indirect measure. The frue safety characteristic of interest
is the expected number of crashes per year that cannot be directly measured
but must be estimated based on the crash history or using other methods
(Hauer, 1997a).

e Crashes are rare, and it takes a long time to collect enough crash data to
produce reliable estimates of the expected number of crashes. During that
period the traffic conditions might (and usually do) change. There is also an
ethical problem in that one must wait for enough crashes to occur and thus
for people to suffer before anything can be said about the (un)safety.

e Not all crashes are reported. The level of underreporting depends on the
accident’s severity and types of road users involved. This is especially a
problem for Vulnerable Road Users (VRUs) (Alsop & Langley, 2001;
Amoros et al., 2006; R. Elvik et al., 2009).

e The rarity of crashes makes them difficult to directly observe. Accident
reconstructions and in-depth investigations are usually costly and not
always possible to perform. It is therefore difficult to gain a good
understanding of the process preceding an accident using solely crash data.

Using SMoS offers an alternate method which can allow for traffic safety analyses
in scenarios in which crash data is either completely lacking or cannot properly
provide a sufficient safety analysis.

SMoS from a theoretical perspective

The basic concept of SMoS theory is that traffic consists of a number of elementary
events. These events differ in their degree of severity (unsafety), and there exists
some relation between the severity and frequency of events of that severity. Hydén
(1987) illustrated the concept with a safety pyramid (see Figure 1).

The base of the pyramid represents the frequently occurring and safe “normal”
passages. The top of the pyramid consists of the most severe events such as crashes
resulting in fatalities or injuries. If the shape of the relation between the severity and
frequency of the events is known, it is theoretically possible to estimate the
frequency of the very severe but infrequent events (crashes) based on known
frequency of the less severe, but more easily observable events (critical events).

10



Accidents

Serious conflicts

Fatal

Severe injury

Slight conflicts

Potential conflicts
Slight injury ——F—F&—X\ ...

Damageonly ——/—X \ |-

Undisturbed passages

Figure 1. Safety pyramid (Hydén, 1987).

A. Svensson (1998) describes a slightly altered “pyramid”, in which events without
any risk of a collision (such as single passages) are excluded. Elaborating further on
the meaning of the severity distribution shape, she pointed out that the most frequent
events are not necessarily the safest ones (severity diamond model, see Figure 2a).

Accidents > 8
)
- 8

Conflicts S 5
o
[
&=

e 4
2

S 2
(]
T
2

£ 0

30 25 20 15 10 5
severity level
a) b)

Figure 2. Severity diamonds (A. Svensson, 1998): a) conceptual representation; b)
observed distributions of events with different severity levels (according to the
Swedish traffic conflict technique) at two sites.

Moreover, comparing different types of road environment, A. Svensson (1998)
showed that the shape of the distribution varies depending on factors such as
regulation form, road design, frequency of interactions, type of manoeuvre, and road
users involved, etc. (Figure 2b).
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What is severity?

The concept of severity also requires clarification. Most SMoS express the severity
of an event as its proximity to a collision in terms of time or space (Zheng et al.,
2014c). However, the proximity to a collision is only one dimension of severity.
Another dimension of severity is the potential consequences had a collision occurred
(Laureshyn, 2010). The framework described by A. Laureshyn et al. (2010) provides
a more complete overview of severity by dividing the concept into two categories —
collision risk and injury risk of an event — and arguing that severity could be
estimated by combining these two aspects. This division makes it possible to
differentiate between the factors affecting collision risk and those influencing injury
risk as shown in Table 1.

Table 1. Factors affecting collision risk and injury risk respectively. Based on
Svensson (1998).

Collision risk Injury risk
e Closeness in time e  Speed differences
e Closeness in space e  Mass differences
e Speeds of the involved road users e Relative angle
e  Fragility of the involved road users

Relation between critical events and crashes

How the events of different severity are related has a direct effect on whether there
are theoretical grounds to extrapolate the knowledge from the less severe events to
the more severe ones and finally, crashes.

Two alternative models relating critical events and crashes have been described by
Giittinger (1982). In the first, the critical events are defined as a set of initial
conditions that, depending on the successfulness of the evasive action, either
develop further into a collision, or resolve without any consequences (see Figure
3a). Defined this way, critical events (called conflicts in the figure) and collisions
belong to the same dimension, as the first always precedes the second, and a critical
event can, with a certain probability, develop into a collision. In the alternative
model (Figure 3b), it is the evasive action that results either in a collision or an
avoided collision — a critical event. In this definition, critical events and collisions
exist in parallel.

12




Traffic
dynamics

Traffic
continuation

Traffic
dynamics

Undisturbed

Normal
traffic

Critical | | Evasive
event action

not successful

successful
[

Undisturbed

not successful

Collision

Conflict

Evasive
action

Traffic
continuation

successful

a)
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Figure 3. Two models of relation between critical events and crashes (adapted

from Giittinger (1982)): a) conflict precedes a collision; b) conflict is parallel with

a collision.

Which model lies behind a SMoS is important. If critical events and crashes do not

belong in the same continuum, the use of critical events to predict frequency of

crashes is not well-motivated. For example, there might be some factors always
present in collision situations and absent in critical situations (or vice versa) that are
crucial for whether the situation is resolved successfully or not.

Davis et al. (2011) suggest an alternative model to understand the causal
mechanics between traffic events and crashes. Their model (Figure 4) outlines that
the probability for a traffic event to develop into a crash depends on two
conditions. In this model, traffic events can be explained by a set of initial
conditions [U] and a set of possible evasive actions [X]. The outcome [Y] is
dependent on both the initial conditions and the possible evasive actions.

Indicators that measure the initial conditions identify critical events based on the
closeness of the involved road users, using metrics such as the physical distance

between road users or the time separating two road users. Indicators that measure
evasive actions identify critical events based on the magnitude of any evasive
action, using metrics such as braking, running, or swerving (Davis et al., 2011). A
SMoS should ideally reflect both aspects of the model to accurately estimate a

collision risk.

13



Initial conditions
L]

Evasive actions
[X]

Figure 4. Causal model. Adapted from Davis et al. (2011).

Validity

Validity is a crucial aspect of any study or method. Validity, in general, relates to
the approximate truth of an inference (Shadish et al.,, 2002). Validity is not
necessarily a matter of yes or no, but a matter of degree (Carmines & Zeller, 1979);
whether a certain level of validity is considered sufficient is therefore usually rather
a matter of argumentation, debate, and agreement, than a measurable aspect that
should exceed a certain threshold. Validity has to be assessed relative to purposes
and circumstances (Brinberg & McGrath, 1985).

The validity of SMoS concerns the crucial severity distribution described in the
previous section. The main aim of developing and using SMoS is to measure traffic
(un)safety; therefore, validity of an indicator means to what extent it describes
(un)safety. There are potentially several ways to study the validity of a SMoS —
expert judgements, comparison with other indirect measures, comparison with
observed/reported/estimated crashes, etc. The strength of validation will vary
depending on which approach is used.

Previous attempts at making this kind of validation study have used several different
methods aimed at analysing the relation between critical events and crashes. The list
below briefly describes several approaches:

e linear correlation between observed critical events and recorded crashes,
e.g. Baker (1972),

e minimisation of the variance of the ratio between crashes and critical
events, e.g. Hauer and Garder (1986); Hydén (1977),

e linear correlation between critical events and the expected number of
crashes calculated from a flow-based crash model (Lord, 1996),

14



e cstimation of the expected number of crashes from a critical event-based
crash model (El-Basyouny & Sayed, 2013),

e comparison of the expected number of crashes estimated from the crash
history, with the expected number of crashes estimated from an extreme
value theory approach using critical events (Songchitruksa & Tarko,
2006)

e comparison between a critical event-based and crash-based before-and-
after study (Sacchi et al., 2013)

Reliability of measurements

The concept of reliability refers to the accuracy and the consistency of
measurements — in other words, a measured value should very closely represent the
true value, and the measurement error should remain unaffected regardless of
measurement location, time of day, traffic situation, etc., thus ensuring that
measured differences reflect the actual difference in the studied phenomenon and
not in the measurement’s accuracy (Laureshyn, 2010).

There are several aspects to reliability from the perspective of SMoS. For example,
the accuracy of measurements for individual traffic events (road users’ position,
speed, etc.) and the detection errors related to that. There is also the question of the
observation period necessary to collect enough events to be able to generalise their
frequencies (e.g. estimate the expected number of critical events).

The first point can be further divided into two categories: human observers and
automated data collection. Human cognitive capacity puts significant limitations on
the complexity of the analysis that is feasible to perform in field conditions and in
real time. Consequently, the techniques use very few severity categories and are
often based on qualitative rather than quantitative classifiers. When it comes to
human estimates of quantitative measures, several studies show that with proper
training, it is possible to get adequate accuracy (Hydén, 1987; van der Horst, 1984).

The automated data collection methods are objective per definition, but the technical
details and the performance of the system might influence its result. In cases of
automated video analysis, such factors, beside the choice of the video processing
algorithm itself, are (Morse et al., 2016):

e Quality of the underlying calibration;

e Characteristics of the camera (e.g. resolution) and characteristics of the
installation (height and angle);

e The complexity of the traffic scene;

e Environmental conditions (e.g. weather and darkness).

15



As for the question of the necessary observation period, there is very limited
research on how long a SMoS study should be. A study conducted by Hauer (1978)
offers some insight into how accuracy of the estimated expected rate of critical
events improves with the extension of the observation period, which can be used for
decisions on how long of an observation period is long enough. However, the
frequency of critical events is highly dependent on which indicator is used and at
what threshold of severity an event becomes “critical”. Therefore, there are no
general guidelines for how long a SMoS study should be conducted.

Exposure

Critical events are not merely a measure of exposure (Hauer, 1982). The purpose of
exposure is to take account of the amount of opportunity for crashes (Chapman,
1973), while critical events, similar to the actual crashes, are a result of both the
exposure and the crash risk at a given site. It is common to define exposure in terms
of number-of-vehicles per time-unit, or vehicle-kilometres travelled. However, it is
also possible to use a definition in which a unit of exposure is actually an event that
can be seen as an opportunity for a crash to occur (Elvik, 2015).

An event-based measurement of exposure has some advantages compared to typical
traffic counts when used in conjunction with SMoS. Both crashes and critical events
are subsets of a larger set containing all events with any probability of a crash, i.e.
the event-based exposure. Figure 5 illustrates this relationship between elementary
units of exposure, crashes, and critical events at different threshold levels.

Elementary units of exposure

Threshold 1

Threshold 2
Threshold 3
Threshold 4

Threshold 5

Crashes

Figure 5. The theoretical relation between elementary units of exposure, SMOS at
different threshold values, and crashes. Adapted from Amundsen and Hyden (1977,
p. 137).
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The event-based definition of exposure provides a clear and logical link between the
exposure, risk (probability of an exposure unit developing into a crash), and crashes.
It also allows controlling for the exposure in SMoS studies in a transparent way. To
explain this, imagine a validation study in which a certain definition of a critical
event shows a strong correlation to crashes. The question should be whether this
correlation is a result of causal relations between the critical events and crashes or
is simply a result of the fact that both are a subset of elementary events constituting
the exposure. As illustrated in Figure 5, if the threshold used is lenient, it would
include a great number of elementary traffic events and as such, will not be much
different from the exposure. Still, it might appear as a well-functioning definition of
a critical event just because there is a strong relation between crashes and exposure.

Research Gaps

There are several unresolved issues when it comes to SMoS, such as: selection of
the appropriate indicators, the validity of the indicators, data collection, and analysis
procedures, etc. The traditional reliance on trained human observers is also a
potential obstacle for the method. Recent computer science research has been
characterized by great improvements in sensor technologies which can be applied
for collection of traffic data in general and SMoS in particular (Laureshyn, 2010;
Saunier et al., 2010; Tarko et al., 2017).

However, it is unclear to what extent the previous research based on human
observations can be applied to analyses made using Computer Vision.

Researchers new to the SMoS struggle to gain a clear overview of the current state
of the field. The literature in this domain is expansive and stretches back to the
1960s, and the technical improvements in the field have recently seen a rapid
growth. The lack of a comprehensive overview of the field can potentially result in
old research being repeated or the wrong type of surrogate measure being applied.
This lack is especially relevant for studies of Vulnerable Road Users (VRUs); most
of the earlier research has been performed with a distinct focus on cars, and the
existing methods might not be directly applicable on pedestrians or cyclist
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Aim
The main research objective of this thesis is to investigate how Surrogate
Measures of Safety should be used to study Vulnerable Road Users. This

objective has been divided into the following research questions, which will be
answered throughout the thesis.

1. Which indicators exist and how suitable are they for VRU studies from a
theoretical standpoint?

2. To what extent have the various indicators been validated, and to what
extent have these efforts included VRUs?

3. How are SMoS studies generally conducted, in terms of observation
length, complementary factors such as other behavioural observations, and

exposure etc?

4. How well do the various indicators reflect safety, and which threshold
values produce the best results?

5. How should the various indicators be validated?

6. How should exposure be considered in SMoS studies?
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Structure of the thesis

The structure of the thesis is divided into two main parts. The first part presents a
comprehensive literature review of SMoS, while the second part focuses on several
observational studies. Both parts aim to provide an answer to the main research
objective. However, the first part focuses on the first three questions, and the second
part focuses on the last three. The second part is further divided into a primary study
which results then function as the basis for the remaining studies.

This thesis incorporates the following 5 papers:

e Paper 1 - In search of surrogate safety indicators for vulnerable road users:
a review of surrogate safety indicators.

e Paper 2 - Validation of surrogate measures of safety with a focus on
cyclist-motor vehicle interactions

e Paper 3 - A relative approach in validation of surrogate measures of safety

e Paper 4 - The safety in density effect for cyclists and motor 1
vehicles in Scandinavia: An observational study

e Paper 5 - A general method for identifying evasive actions and calculating
time to collision from trajectory data

These papers relate to different parts of the thesis: Paper 1 is mostly covered in the
first literature part of this thesis, Paper 2 is the primary study of the second part of
the thesis, and the following Paper 3, 4 and 5 rely on the results and conclusions of
Paper 2.

The papers and the thesis itself are based on the work and outcome of the EU project
In-Depth Understanding of Accident Causation for Vulnerable Road Users (InDeV)
(HORIZON 2020, Project No. 635895). Consequently, some of the papers share
data and general methodology.
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3. A literature review of SMoS

Surrogate Measures of Safety were applied for the first time half a century ago
(Perkins & Harris, 1967), and their underlying theories and applications have
evolved over the years. The last decade especially has been characterized by great
improvements in sensor techniques and computer vision, which can be applied for
the collection of traffic data in general and surrogate safety measures in particular
(Laureshyn, 2010; Saunier, Sayed, & Ismail, 2010; A. P. Tarko, Romero, Bandura,
Ariyur, & Lizarazo, 2017).

The available literature in the field of Surrogate Measures of Safety is vast and
diverse, and a strong increase in interest for the technique in recent years can be
observed. The vastness and diversity of the literature in the field make it difficult to
discern dominant practices and customs in research that applies surrogate measures
of safety. This makes it challenging for researchers new to the field to gain a clear
view of the scientific state-of-practice, and even for more experienced researchers
there is a risk of losing track of critical points of attention. The lack of overview
seems to lead to reinventing the wheel and errors from the past being repeated.
Therefore, a comprehensive scoping literature review has been conducted, analysing
the literature in the field in a systematic and structured way. The aim of this review
is to analyse the literature from two distinct perspectives:

e The safety of Vulnerable Road Users (VRU) and how different SMoS
indicators are suited for such a task, and how many validation studies
included VRUs.

e A more general and holistic focus on which indicators have been used to

analyse road user interactions and how they have been used to study
traffic safety in general.
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Method

A systematic and transparent protocol was set up to find relevant studies. The main
method for locating the literature for this review was searching the following
databases: ScienceDirect, TRID, Web of Science, Engineering Village and Scopus.
Applied search terms were: traffic conflict, traffic conflict techniques, surrogate
safety, safety critical event, indirect safety, near-accident and near-miss, combined
with the terms fraffic and traffic safety. For practical reasons, the studies had to be
written in English, Swedish or Dutch. Snowballing was also used for references
deemed of high importance based on the reference list of found literature and on the
authors’ previous knowledge about surrogate measures of safety. Older studies were
included without age restrictions as long as they could be retrieved. All publications
up until the end of 2015 are included.

The original search yielded 2445 hits. Thorough screening was performed; only
studies that made use of site-based observations (i.e., data collected from real traffic
events, using one or more cameras or sensors that remain at the same position for a
certain period of time) were included. This excluded, among others, SMoS data
collected from driving simulators, microsimulation models, and naturalistic driving.
After removal of duplicates, studies that were outside the scope, and publications
for which no full text could be retrieved, a total of 239 publications could be
included in this scoping review.

Description of SMoS

The following overview summarises the different surrogate indicators of safety that
were found in the literature search. Due to numerous variations of similar indicators,
some indicators are combined into categories, containing the main indicator and
various alternatives based on the same concept. Any previous validation studies
found in the review are also presented with each indicator.

Time to Collision

Time to Collision (TTC) is a measurement that calculates the time remaining before
the collision if the involved road users continue along their respective paths. This
continuous variable can only be calculated while the road users remain on collision
course. The two most commonly used indicators based on TTC are TTCnin, which
is the minimum TTC value calculated in an event, and Time to Accident (TA),
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which is the TTC value at the beginning of an evasive action. Usually, both
indicators use a threshold value to differentiate between severe and non-severe
events.

Other indicators based on, or similar to, TTC are: Time to Zebra (TTZ) (Varhelyi,
1998), the Time-to-lane Crossing (TTL), and the reciprocal of TTC (i.e. 1/TTC)
(Chin et al., 1992). There are also some indicators that use TTC values from several
moments in time. Minderhoud and Bovy (2001) propose Time-exposed TTC (TET),
which is the time during a meeting when the TTC is below a certain threshold value,
and Time-integrated TTC (TIT), which is the area between the threshold level and
the TTC curve when it drops below the threshold.

Lastly, the T2 indicator, suggested by A. Laureshyn et al. (2010), is the predicted
arrival time of the second road user, calculated while the first road user has not yet

left the conflict point. When the road users are on a collision course, T2 is equal to
TTC.

Five studies attempted to validate TTC-based indicators. While all the studies use
different methods to evaluate the relationship between critical events and crashes,
they all find a strong correlation between the two. Four out of five studies include
VRUs to some extent; however, only the study by Lord (1996) explicitly focused
on pedestrians, while the report by Hydén (1977) separates the result for VRUs and
motor vehicles. The studies by El-Basyouny and Sayed (2013) and Sacchi and
Sayed (2016) both include VRUs, but only 4.6% of all critical events they use
include VRUs. Note that both of these studies use older data described by Sayed
and Zein (1999).

Post-encroachment Time

Initially introduced by Allen et al. (1978), the Post-encroachment Time (PET) is
calculated as the time difference between the moment the first road user leaves the
path of the second, and the moment the second reaches the path of the first (i.e. the
PET indicates the extent by which they missed each other).

Indicators similar to PET include Gap Time (GT), which is the time between the
entries into the conflict spot of two vehicles, and Encroachment Time (ET), the time
when the first vehicle entering the conflict area infringes on the predicted path of
the second vehicle (Allen et al., 1978).

Proposed by Hansson (1975), the Time Advantage (TAdv) can be considered an
extension of the PET concept (A. Laureshyn et al., 2010). The TAdv is the predicted
PET value, provided that the road users continue with their paths and speeds.
Alhajyaseen (2015) suggests the Conflict Index (CI) indicator, which combines PET
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with the speed, mass, and angle of the involved road users to estimate the released
kinetic energy in a collision.

In total, seven studies with eight attempts to investigate the PET’s validity were
identified. Similarly to TTC, most of the studies indicate a correlation between
critical events and crashes, with the notable exception in the study by Lord (1996),
in which the PET definition showed no correlation and was discarded from further
study. Furthermore, the studies that used Extreme Value Theory (Songchitruksa &
Tarko, 2006; Zheng et al., 2014a, 2014b) all focused primarily on the method and
all noted that further research is required to achieve more reliable results.

Deceleration

There are several deceleration-based indicators that describe the severity of a traffic
situation. The Deceleration Rate (DR) or the initial DR quantifies the magnitude of
the deceleration action of a driver the moment he or she begins an evasive braking
manoeuvre. Additionally, the Deceleration to Safety Time (DST) describes the
nearness to a collision by calculating the necessary deceleration for a driver to stop
being on a collision course (Hupfer, 1997).

Tageldin et al. (2015) suggest that the Jerk Profile (the time derivative of
acceleration) and the Yaw Rate (the angular velocity of the road users’ rotation) can
be used for identifying evasive actions by motorcyclists. The Jerk Profile estimates
the intensity of the braking action by observing the change in acceleration. The Yaw
Rate quantifies the swerving behaviour of the motorcyclists by calculating the
change in the heading angle of the motorcycle. Combining these two indicators
allows for an estimation of severity for both braking and swerving manoeuvres.

No previous validation studies were found for deceleration-based indicators.

Other indicators

Several indicators do not fit into any of the indicator categories presented above.
These indicators estimate severity differently, but they have all been suggested as
alternatives to the more commonly used indicators. No previous validation studies
were found for any of these indicators.

Tageldin and Sayed (2016) suggest that evasive action-based indicators, such as
pedestrians’ step frequency and step length could be used to identify severe events
involving pedestrians. Cafiso et al. (2011) describe the Pedestrian Risk Index (PRI),
which combines the TTZ with driver reaction times and the braking capabilities of
the vehicle to estimate the risk of collision and its potential severity.

26



Bagdadi (2013) defines Conflict Severity (CS) as a combination of the indicators
DeltaV, TA, and an assumed maximum average deceleration of a vehicle. The
DeltaV indicator measures the change in velocity forced on the road users by a
collision depending on the speed, the mass, and the angle at which the road users
approach each other (Shelby, 2011). Another indicator that also uses DeltaV is the
Extended DeltaV indicator suggested by Laureshyn et al. (2017). It combines
DeltaV with the T2 indicator and a deceleration constant to capture the nearness to
a collision, as well as the potential consequences of an event.

Kuang et al. (2015) developed an indicator called the Aggregated Crash Index (ACI)
based on the causal model presented by Davis et al. (2011). This indicator is meant
for car-following scenarios and consists of four conditions in a tree structure. The
conditions estimate both the initial conditions of an event and the potential for
evasive action. The ACI is then calculated as the accumulation of the collision
probabilities of all possible outcomes.

Ogawa (2007) discusses a space occupancy index based on personal space, which
expresses the spatial sizes necessary to maintain road safety for pedestrians,
bicyclists, and motor vehicles (MVs) An area around the road user is defined based
on the characteristics of each road user type. The number of critical events is then
estimated by the number of incursions into the road user’s personal space that occur.

Traffic conflict techniques

To capture the severity of an event, indicators can be combined to provide a better
understanding of the situation. The rationale behind this approach is that many
indicators are not sufficiently universal and cannot be applied to all traffic events. It
is plausible that various indicators represent partial images of the true severity of a
traffic event (Ismail et al., 2011).

The most common examples of this approach are the traffic conflict techniques
(TCTs) that were mostly developed in the 1970s and 1980s. A TCT is a framework
for observation-based safety studies, including observation methods, instructions on
how to use the technique, as well as a set of indicators used to identify conflicts
(severe events). However, there are also some examples of indicator combinations
outside of the well-defined TCTs. For example, Lu et al. (2012) combined the
incomplete braking time and the TTC to calculate conflict severity. Wang and
Stamatiadis (2014) used the required braking rate, the maximum available braking
rate, and the TTC to create an aggregate crash propensity metric, and Ismail et al.
(2010) integrated the DST, the PET and the TTCmin.
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The following sections briefly present several TCTs.
The American conflict technique

The American TCT defines critical events as the occurrences of evasive actions,
recognisable by braking and/or weaving manoeuvres (Parker & Zegeer, 1989). Five
studies that focus on the validity of the American TCT were found. It is noteworthy
that the study by Migletz et al. (1985) used an alternative version of the American
TCT, which also included TTCnin to identify critical events. All studies found a
strong correlation between critical events and crashes.

The Canadian conflict technique

The Canadian TCT uses TTCnin in conjunction with a subjective component named
the Risk of Collision (ROC) to determine the severity of an event. Three levels of
severity are used for both TTCyin and ROC, and the final severity is estimated by
adding them together. The ROC levels are low, moderate, and high, and the TTCin
levels are less than 2 s, less than 1.6 s, and less than 1 s, respectively (Brown et al.,
1984).

Three studies focus on the validity of the Canadian TCT. Note that the Brown (1994)
study uses the TA indicator instead of the TTCmin. The validation studies all found
a clear correlation between critical events and crashes. However, while all the
studies included VRUs to some extent, none of them focused on VRUSs.

The Dutch conflict technique

The Dutch Objective TCT for Operation and Research (DOCTOR) defines a critical
event as a situation in which a collision is imminent, and a realistic probability of
personal injury or material damage is present if no evasive action is taken.

The severity of a conflict is estimated in several steps. First, a general subjective
severity is made. The event is then broken down into the probability of collision and
the potential injury severity. The probability of collision is calculated by using the
TTCumin value or the PET value, and the potential injury severity is estimated
subjectively (Kraay et al., 2013).

Two studies focused on the validity of the Dutch TCT were found. Both studies
indicate a significant similarity between critical events and crashes. While the study
by van der Horst et al. (2007) only focused on motor vehicles, the study by
van der Horst et al. (2016) did have a focus on pedestrians. It is also noteworthy that
the study by van der Horst et al. (2007) is one of the only two studies found in this
review that attempted some form of process validation. The study compared
observed critical events from four different locations with video-recorded crashes
from the same locations.
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The Swedish conflict technique

The severity of a traffic event in the Swedish TCT is calculated based on a
combination of TA and conflicting speed (the speed of the road user at the moment
an evasive action starts). This means that a lower TA value is considered more
severe if the involved road users enter the situation with a higher speed (Hydén,
1987).

Three studies investigate the validity of the Swedish TCT, including the second
attempt of a process validation by Hydén (1987), in which the TA values and the
conflicting speed of critical events are compared to the same values gathered from
in-depth studies of crashes. All three studies indicate a significant relationship
between critical events and crashes for VRUs. The studies by Hydén (1987) and
Svensson (1992) included a separate analysis for VRUs, and the work by Shbeeb
(2000) focused specifically on events involving pedestrians.

TCTs using only a subjective severity rating

The Canadian TCT and the Dutch TCT both use a combination of an objective
indicator and a subjective severity rating. However, some techniques rely solely on
a subjective severity rating to identify critical events. These TCTs are the British
(Baguley, 1984; Kaparias et al., 2010), the French (Muhlrad & Dupre, 1984), the
German (Erke, 1984)), the Austrian (Risser & Schutzenhofer, 1984), and the Czech
techniques (Kocarkova, 2012). These techniques use several predefined, subjective
severity grades to identify critical events, that are often based on the closeness of
road users and the occurrence of uncontrolled evasive actions.

Three studies investigate the validity of the British TCT. All three studies found
strong correlation between critical events and crashes, but none of them included
conflicts involving VRUs.

An overview of the usage of SMoS

This section will present how SMoS have been used in practise, including the usage
of different indicators and other factors, such as the number of observed locations
and the duration of observation. Figure 6 shows the distribution of the found
publications over time. The graph shows both the publications that are included in
the study and those identified as potentially relevant (based on the abstract of the
paper), but for which no full text could be retrieved. The earliest application of
SMoS included in the review was done by Perkins & Harris (1967). From that
starting point the usage of SMoS became more popular throughout the 1970s and
1980s. After the early parts of the 1990s, the usage then diminished somewhat,
which continued until the steep increase which can be seen starting around 2010.
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Figure 6 — Distribution of publications over time.

A potential explanation for the downturn during the 90s is that up until that point,
mostly TCTs using human observes were used in practise (Asmussen, 1984). It is
possible that this became increasingly expensive compared to other methods during
that period. The steep increase around 2010 corresponds with both recent
improvements in advanced video analysis techniques (Laureshyn, 2010; Saunier et
al., 2010) and an increased focus on VRUs, which are generally harder to study
using crash data.

Indicators and traffic conflict techniques

Figure 7 shows the frequency of which indicators are used in the publications and
Figure 8 shows the frequency of which TCTs are used. Note that a separation has
been made between studies before and after the year 2005 to gain a better
understanding of the current state of use.
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The main result from Figure 7 shows that indicators based on TTC are the most
common by a significant margin (most of these studies use TTCuin, and only a few
use other variants such as TA). PET is the second most common indicator, followed
by the various indicators based on deceleration. The category unspecified relates to
papers that provide insufficient details to identify the indicator(s) or technique(s)
that have been applied. Most of these papers made use of some abstract, unspecified
concept of critical events without explaining what parameters or thresholds were
used to select them. Figure 8 shows that the US TCT and the Swedish TCT have
been most commonly applied. When only looking at the last decade, however, the
US TCT has been used less frequently than the Swedish TCT. Comparing the two
graphs shows a clear result — since 2005, a shift away from the usage of TCTs have
occurred and other indicators, mainly TTC and PET, have become much more
common.
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Figure 9 shows the number of observation sites in the studies and Figure 10 shows
the average duration of the observations per site. Many studies (approximately one
third) take place at only one observation site. On the other hand, another third of the
studies make observations at 5 or more sites. Relatively short observation periods
per observation site are also quite common. 45% of all studies observed less than
8h per site, while only 22% of all studies observed for more than 24h per observation
site. Also note that 23% of the included publications did not include any information
about the duration of the observations at all.

One might expect that there is a trade-off between the number of observation sites
and the duration of observation at each site, however, such a trade-off is barely
discerned. For instance, when looking at studies that observed only one site, short
observation times of less than 8h and less than 4h are as common as in multi-site
studies (45% and 28% of the single-site studies compared to 45% and 22% for all
studies taken together, respectively). Only studies with a duration of more than 24h
per site are somewhat more common in the subgroup of single-site studies (30% for
single-site studies, compared to 22% for all studies taken together). There are also
noteworthy differences before and after 2005. Since 2005, significantly more
studies have focused on a single location. Likewise, there are more studies after
2005 with a shorter observation period.
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Data collection method

The methods used to collect SMoS are presented in Figure 11. Different forms of
manual observation (the three left-most bars) have been most common over the
years. However, the number of publications that apply video analysis software take
up a significant share as well, especially after 2005. Fully manual observations (i.e.
human observers on-site without video support) are a relatively large category for
all publication years taken together but have rarely been applied in recent years. It
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is also noteworthy that manual observation from video (i.e. without a human
observer on-site) is the largest individual category of data collection methods and is
very common since 2005.
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Figure 11 — Data collection methods.

Additional data

Any additional data that are collected in conjunction with SMoS data are shown in
Figure 12. Only a few studies do not include any additional data together with SMoS
data. This indicates that results from SMoS are not usually applied as a standalone
safety analysis but are more used as a complement and in conjunction with other
methods.

The most common additional data that is collected is exposure data (mostly
measured using traffic counts taken during the SMoS data collection). Somewhat
less commonly collected are crash data, information about the infrastructure, and
systematic behavioural observations. The category Other is fairly large as well,
including very diverse types of data such as results from microsimulation or driving
simulator studies, road user characteristics such as gender and age, and survey or
interview data.
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Figure 12 — Additional data collected in SMoS studies.

Suitability of SMoS for studying VRU’s safety

SMoS can be used in various settings involving different road users. However, not
all indicators are necessarily equally suitable for all kinds of settings and events.
Three main aspects of a surrogate safety indicator can be used to discuss the
suitability of different indicators in various settings. First, an indicator should
include the theoretical aspects important for different settings. Second, it should
have robust validity, and thirdly, reliability. Based on the theoretical perspective
presented in the introduction of this thesis (page 10), the severity of an event can be
estimated with a combination of injury risk and collision risk. A collision risk can
be further reduced into a combination of initial conditions and evasive actions,
meaning that the collision risk can be estimated using either or both aspects.

An indicator should preferably reflect both parts of collision risk, as well as injury
risk, in all settings where the indicators are used. For example, an indicator that is
used to study VRUs’ safety should preferably be able to consider the nearness of
the road users, the potential evasive actions of the involved road users, and the
fragile nature of the VRUs.

Table 2 provides a summary of all indicators described in this chapter from this
theoretical perspective. It shows whether or not the indicators reflect each of the
ideal requirements for a surrogate safety indicator. Note that a column for outcomes
has been added since it is also possible for surrogate indicators to measure based on
the outcomes of a traffic event.
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Table 2. Summary of Surrogate safety indicators and their relation to collision
risk and injury risk. Taken from (Johnsson et al., 2018).

Indicators

TTC based
Time to Accident
PET based
Conflict Index

Deceleration based

Yaw Rate

Pedestrian Risk
Index
Conflict Severity
DeltaV
Extended DeltaV

Change in Step

Frequency

Aggregated Crash

Index

Space Occupancy

Index
The American TCT
The Canadian TCT
The Dutch TCT

The Swedish TCT

The British TCT

*The asterisk indicates that the indicator relies on a subjective component.

36

Initial

conditions

No

Yes

No

No

No

Yes*

Collision risk

Evasive

actions
No
No
No
No
Yes

Yes, for

motorcyclists

Yes, for
motor

vehicles

Yes, for

pedestrians

Yes

No

Yes*

Yes*

Yes*

Outcomes

Injury

risk

No

No

All

No. of validation studies

Including VRUs



Only a few indicators perform well from the perspective of collision risk and injury
risk. Both of the most used indicator types (TTCwmin and PET) instead identify critical
events based on the outcome of a traffic event. That is, the severity according to
these indicators depend both on the initial conditions and any evasive actions taken
during the event, but the indicators make no attempt at separating them. Estimating
the severity of a traffic event based on the outcome of the event can potentially have
some problems. It is, for instance, possible that an event with severe initial
conditions, followed by an effective evasive action, can lead to a non-severe
outcome, and therefore not be identified as critical. For example, a motor vehicle
braking in front of a pedestrian can create a high PET value (indicating low
severity), even though the situation was severe. Another example might be a
swerving cyclist who can quickly remove him/herself from a collision course with
a motor vehicle, before the situation would become critical according to TTCin.

There are some indicators that estimate the severity of traffic events based solely on
the magnitude of evasive actions. These indicators frequently focus on identifying
severe braking, but there are also some indicators that focus on swerving and
running (Tageldin & Sayed, 2016; Tageldin et al., 2015). Relying solely on evasive
actions can also result in some potential problems. It is possible to observe braking,
swerving, stopping, or running without severe initial conditions. For example, a
running pedestrian is not necessarily avoiding a collision, but could instead be in a
hurry or running to quickly allow the motor vehicles to pass. Relying on evasive
actions also disregards situations without evasive actions which might still be
severe. For example, it is possible for two road users to be very close to colliding
without anyone of them reacting or even seeing the other.

Relatively few indicators estimate the initial condition in a severe situation. The TA
indicator measures the time to collision at the start of an evasive action. While not
strictly measuring the initial conditions of a situation, TA does estimate the
conditions for evasive actions, which is similar to the function of the initial
conditions described by Davis et al. (2011). Both the Swedish TCT and the Conflict
Severity Indicator (Bagdadi, 2013) rely on TA, but both combine TA with speed
and the road user’s assumed deceleration to estimate the severity of the initial
conditions. However, neither of them considers any other type of evasive action. A
potential solution to this problem is to limit the type of traffic situations in which an
indicator can be applied. Both the ACI and the PRI (Cafiso et al., 2011) rely solely
on deceleration, but they are only useable in very specific situations. However, note
that the PRI does not consider any evasive actions taken by the pedestrians.

Finally, some of the indicators (the PRI, the Dutch and British TCT) manage to
include all three of the aspects discussed in this review: the initial conditions, the
evasive actions, and risk of injury. However, these indicators either limit themselves
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to a very specific situation, such as the PRI, or rely on the subjective evaluation of
the severity by human observers, such as the Dutch and British TCT.

Validity

The extent of validity of the different indicators is difficult to appraise due to the
widely different methods used and the equally large divide in the number of
observation locations and duration of observation. However, almost all the
validation studies found in this review do show a significant correlation between
number of critical events and crashes regardless of what indicator is being used. The
result also shows that while many validation studies have solely focused on motor
vehicles, some studies have included VRUs. However, not all of these studies have
done a separate analysis for VRUSs, and only one study (Lord, 1996) has focused on
pedestrians. No validation study has specially focused on cyclists.

The findings show various approaches used to validate surrogate indicators, and it
is unclear whether any particular method is preferable. The number of studied
locations and the duration of the study at each location also fluctuate greatly among
the studies, which further complicates any attempt to compare the extent of
validation among the different indicators.

Another question, which is discussed by some of the studies and further discussed
by Giittinger (1982), is how strong the connection between critical events and
crashes must be to be considered good enough. The report by Migletz et al. (1985)
provides a potential answer by remarking that the critical events are good estimates
of safety, since they produce estimates of the expected number of crashes better or
equally as good as historic crash data. Giittinger (1982) also suggests a similar
answer in that the relation between critical events and crashes must be stronger than
the relation between exposure variables.

Universal and specific indicators

Certain indicators (such as TTC-, PET- and DeltaV-based indicators) aim to provide
a universal estimation of severity regardless of the involved road users or the
specific setting. Most of the indicators of the first (universal) kind focus on cars.
Indicators such as the Swedish TCT, the Conflict Severity, the Extended DeltaV,
and the different deceleration-based types include assumptions regarding the
deceleration of cars. Even TTC- and PET-based indicators concentrate on cars, since
the commonly used threshold values are chosen based on the observation of cars
(Hayward, 1971; van der Horst, 1991). Other indicators are designed to only be used
in very specific settings, while others are meant to be more universal. The ACI
(Kuang et al., 2015), PRI (Cafiso et al., 2011), and the Space Occupancy Index
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(Ogawa, 2007) are examples of indicators meant to be used only in very specific
settings such as on motorways or on protected bikeway paths.

Both universal and specific indicators have their advantages and disadvantages.
Universal indicators can be applied in a variety of different types of settings, which
makes them very useful. However, specific indicators can more easily consider all
important factors in their specific setting, which allows for a more comprehensive
indicator within that setting.

Reliability

The most obvious reliability concern is the use of subjective judgement. Indicators
based on human judgement can potentially allow for the consideration of both the
initial conditions, the potential evasive actions, and risk of injury in more detail than
any other indicators. However, the use of a subjective component also has several
drawbacks, especially the potential reliability concerns and the difficulty of
incorporating such components into automated systems. The use of subjective
components and trained observers has historically been common in TCTs.

Some of the literature indicate the possibility of achieving satisfactory levels of
reliability among different observers (Grayson, 1984; Kruysse, 1991; Kruysse &
Wijlhuizen, 1992; Shinar, 1984). The so-called Malmo Calibration Study (Grayson,
1984) also provides a good comparison between several TCTs and objectively
measured values using computer vision. The comparison showed that teams
applying different TCTs agreed well on their allocation of critical events regardless
of road user type.

Motion prediction

In addition to human observers and subjective assessment it is also possible to
discuss reliability between different computer-based systems. This is especially
relevant for trajectory prediction, which is necessary to identify a collision course.
Predicting the future path and speed of a road user can be done using several
methods — from a simple approach which relies on constant speed and assumptions
about how the road user intends to travel, to more complex methods based on
observed behaviour at the studied locations (St-Aubin et al., 2014). The choice of
method for predicting the path of road users will influence what situations are
identified as severe, regardless of which indicator is used. This makes it further
complicated to compare surrogate safety indicators, even if they are based on
objective values such as TTCnin. This is particularly relevant whenever swerving is
used as an evasive action, since this makes it difficult to accurately predict the path
of the road user.
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Conclusions

There are many different surrogate safety indicators suggested in literature. The
review shows that while many indicators have been suggested in the literature,
TTCninand PET are most commonly used. However, few of the indicators focus on
aspects that are important when studying VRUs. The results show that many
indicators focus on braking as an indicator to identify critical events and does not
consider swerving or running. Swerving also creates concerns for the indicators that
rely on collision course, since predicting the path of a swerving cyclist seems very
difficult compared to predicting the path of a braking motor vehicle.

Few indicators try to estimate the injury risk. The large difference in mass and the
lack of a protective shell for the VRUs makes the risk of injury very different for
events involving only motor vehicles compared to events which involve VRUs.
Overall, very few indicators manage to consider all the relevant aspects of
importance, and those who do either use subjective evaluation, such as the Dutch
and British TCTs, or are limited to a very specific setting, such as the PRI. However,
it should be noted that while the PRI does technically consider all aspects, it does
not consider any evasive actions from the pedestrians which might be relevant.

It is noteworthy that even though no single indicator reflects all relevant aspects
discussed in this analysis, all aspects are accounted for by the different indicators.
Deceleration, Jerk, Yaw Rate, and Change in Step Frequency all attempt to capture
evasive actions from different types of road users. Time to Accident, PRI, and Space
Occupancy Index attempt to identify severe initial conditions, and Delta-V attempts
to evaluate the injury risk dependent on the types of road users involved in a critical
traffic event. Further research focusing on combining the many different indicators
could help to strengthen the theoretical base for SMoS.

Finally, the results show that there are some validation studies that have included
VRUs, but the many different approaches used, the length of observations, and the
number of locations studied in the validation studies makes comparing the extent of
validity between the indicators difficult. However, there seems to be a consistent
and significant correlation between numbers of critical events and crashes
regardless of which indicators are used, and comparisons between TCTs seem to
indicate significant similarities between the results from different indicators. Further
research into the validity of surrogate safety indicators is needed. The research
should also attempt to answer what extent of validation is good enough and to what
extent validation of one indicator can be used to evaluate other indicators.
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PART 2
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4. Observational studies

The aim of this part of the thesis is to attempt to answer the research questions posed
using the findings from the observational studies presented in paper 2, 3, 4, and 5.
This part of the thesis mostly builds on the video data gathered in the European
project InDeV — In-Depth Investigation of Accident Causation for Vulnerable Road
Users. The following chapters describe the data collection and processing, followed
by the main attempt at validation. The results and conclusions from that attempt then
function as the basis and motivation for the remaining chapters.
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5. Data collection and processing

This chapter presents data gathered within the InDeV project. The project covered
26 sites in 7 European countries, studied for 3 weeks. This data functions as the base
for the work presented in the following chapters of the thesis, however, some
additional data was gathered from the same video recordings as described in
chapters 8 and 9.

The main aim of the data described in the following chapter is to perform a large-
scale attempt at validating SMoS applied to vulnerable road users (described further
in chapter 6). Both crash- and SMoS data was therefore gathered. SMoS data
collection was further split in two parallel tracks since severe events are rare and
require long observation periods, while the normal events occur frequently and thus
can be collected within short time.

Crash types of interest and site selection

The following criteria for crash types were set: /) the crash must involve a motor
vehicle and a vulnerable road user (pedestrian or cyclist); 2) the crash must result in
a fatality or injury; 3) the crash must occur at an intersection. The first criteria was
imposed by the nature of the InDeV project that had a clear focus on vulnerable road
users; property-damage-only crashes were excluded since their reporting is down-
prioritized in most of the European countries in favour of injury crashes, thus the
figures are either unavailable or unreliable; intersections were chosen since SMoS
data was collected through video-filming with stationary cameras, thus events
should be concentrated in space to be repeatedly captured by the camera.

The latest version of the data structure for the European Union Crash Database
CARE (CaDaS, 2015) contains a crash typology (a set of codes with corresponding
sketches) that should have made finding the most frequent crash types fulfilling all
the criteria a trivial task. However, this part of the CARE is still mostly empty as
only two countries — Germany and Denmark — use similar systems at the national
level. Thus, the decision was made based on data from these two countries and
complemented by the results of manually processed crash records from two large
Swedish cities (Bjornberg, 2016). The selected crash types are shown in Figure 13.
It is important to note that these types are not the most frequent among all
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pedestrian/cyclist crashes, but only among those that fulfilled the stated criteria (the
absolute leaders are single crashes standing for more than 60% of all severe injuries
- Bjornberg (2016)).

!

(1 (T

a) b) ¢) d)

Figure 13. Most frequent crash types selected for further analysis: a, b) motor
vehicle right/left - cyclist straight; ¢, d) motor vehicle right/left — pedestrian crossing
the intersection approach.

In total, 26 intersections were selected for analysis in seven European countries
(Belgium, Denmark, the Netherlands, Norway, Poland, Spain, and Sweden).
Despite great variety in how bicycle/pedestrian facilities are designed in these
countries, a significant effort was made to find comparable locations. All sites are
signalized intersections having simultaneous green for involved motor vehicles and
cyclists/pedestrians’ directions, no separated phase or pre-/after-green for turning
manoeuvres. Within each country, additional criteria were set for consistency in the
design among the sites; for example, if it is a bicycle on-road lane or a separated
track adjacent to the pedestrian crossing. In Spain, all the studied locations were on
one-directional roads, thus no left turning manoeuvres are possible.

Crash data

The crash history (period 2009-2016, with minor deviations for some countries)
from the selected sites revealed that the data was not enough for estimation of the
expected crash numbers. Once disaggregated based on the manoeuvre, most of the
data cells contain one or zero. Therefore, it was decided that crash models based on
a larger number of similar sites would be developed. However, even when the
dataset is extended to ca 50 similar locations per country, the crash numbers are still
low (Table 3).
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To control for the exposure, traffic flow data was collected. The Annual Average
Daily Traffic (AADT) for each manoeuvre and road user category was estimated
based on 45 minute-counts on a weekday in spring/autumn and a daily profile for a
specific road user category. Some countries had average daily profiles
recommended by the authorities, while in other countries the profile shapes were
estimated based on manual counts from the available video footage.

Table 3. Disaggregated injury crashes records per country’.

s | o | L |4 | L
Belgium 50 2 2 4 4
Denmark 50 5 8 2 1
Norway 79 6 15 0 6
Poland 50 1 1 2 11
Spain 27 28 - 3 -
Sweden 36 24 28 1 3

* The crash data from the Netherlands was practically unavailable, and is therefore not
included here.

SMoS data

Collection method

All 26 locations were filmed during at least 3 weeks. The video data was collected
using three cameras (one thermal and two RGB), primarily for the purpose of
evaluating the camera perspective and sensor type effects on the video processing
tools. At the end, the video with the best view of the studied manoeuvres was used.

The SMoS data collection was split in two parallel tracks since severe events are
rare and require long observation periods, while the normal events occur frequently
and thus can be collected within short time. This split resulted in two datasets, the
first containing all meetings from a 1-day period, and the second containing chosen
events from the full 3-week period. Furthermore, all SMoS data collection was made
in a two-step process in which a human observer first identified a relevant situation,
and then trajectories for this situation were manually created.
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1-day data

The aim of the 1-day data collection was to capture all meetings for 24 hours. After
some early testing, it became apparent that a meeting (i.e. a simultaneous presence
of two road users heading towards a common conflict area) does not always result
in a clear interaction. Therefore, a set of additional operational rules were used to
only include meetings with a more direct interaction. Firstly, each meeting only
included one motor vehicle and one vulnerable road user, meaning that even if there
were multiple VRUs passing in front of the motor vehicle, only one of the VRUs
was chosen (the choice was made by selecting the VRU that was closest to the motor
vehicle while it was still in motion). Secondly, a meeting was excluded if any one
of the road users was standing still during the entire passing of the other road user,
i.e. only situations in which both road users moved were included.

Note that the identified events based on these rules will henceforth be called
encounters. However, three other definitions of encounters are also defined and
further explored in chapter 8.

For a 24-hour period, all encounters were detected manually, and trajectories of the
involved road users produced. This was done using the semi-automated tool T-
Analyst (T-Analyst, 2019) which allows managing large amounts of video data and
making bookmarks (detections) in it (Figure 14). It should be noted that in T-
Analyst, any calculations that require motion prediction (such as calculating TTC
and T2) are made based on the assumption that the road user will travel along the
actually revealed trajectory, but keep the constant speed as at the moment of
calculation (detailed procedure can be found in A. Laureshyn et al. (2010)).
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Figure 14. Screenshot of T-Analyst software (T-Analyst, 2019).

3-week data

For most of the sites, a 24-hour period provided several hundred individual traffic
events, which made a solid basis for analysing the distribution of SMoS in normal
(non-critical) traffic conditions. However, the number of critical events, which are
most relevant in SMoS context, was expected to be low in this dataset. To
complement this part of the SMoS distribution with more data, only critical
incidents were selected in the remaining video (ca 3 weeks).

Detection of rare events in 3 weeks of video is a demanding task. It was partly
automated by using a watchdog software called RUBA (Madsen et al., 2016). The
basic functional unit of RUBA is a detector (a certain area of the image monitored
for changes), which can detect presence, motion in general, or motion in a certain
direction. By strategically placing the detectors and defining the rules for temporal
relations between the activations of the detectors, it is possible to find the
simultaneous presence of two road users. The observer can thus focus on these parts
of the video, and skip watching the parts where nothing relevant occurs.

The limitation and main drawback of the watchdog tool is that while it can detect a
potentially relevant event, it does not provide any indication of how severe the event
is (and thus cannot help the observers to focus on the most severe ones). The
information about the time between the detector activations is not of much use when
the speeds of the road users are unknown. After several attempts of adding further
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intelligent selection steps, and comparison of the results with the manually produced
data from the 24-hour period, it became clear that the observers have to watch all
the detections to ensure that no important events go undetected.

How the observers select the situations has an impact on the results, therefore
feasible precautions were taken. The observers were instructed to select all out-of-
the-ordinary situations that in some way were perceived as risky, dangerous, or out-
of-control. In case of doubt, the situation was to be included. After the relevant
situations had been found, trajectories of the involved road users were produced in
T-Analyst. The severity of these events could then be estimated by an objective
indicator (such as TTC or PET), which would, in theory, reveal all critical events.

1-day data description

This section gives an overview of the one-day dataset generated from the study sites.
Note that the dataset include data from only 21 locations. Due to time limitations
within the project, the work was not completed at three intersections in Spain, one
in Belgium, and one in Poland. Table 4 shows the number of identified encounters
divided into the four relevant manoeuvre types. The dataset includes an even split
between cyclists and pedestrians, with approximately 4500 encounters processed
for each type of road user, but the right-turning manoeuvres outnumber the left-
turning manoeuvres for both cyclists and pedestrians.

Table 4. The number of encounters for each manoeuvre processed within the 1-day
dataset.

i I U R B
Belgium 3 481 105 374 96
Denmark 4 458 445 200 169
Netherlands 4 987 135 335 40
Norway 3 282 77 727 174
Poland 3 61 37 1013 399
Spain 1 421 - 386 -
Sweden 3 769 347 412 199
Total 21 3459 1146 3447 1077
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3-week data description

This section gives an overview of the 3-week dataset. The data includes only 15
locations. In addition to the locations missing from the 24-hour dataset, the 3-week
dataset is missing all of the locations in the Netherlands and one of the locations in
Poland. Also note that additional effort went into the single Spanish location,
however this effort did only focus on events including bicyclists.

Table 5 below shows the number of severe traffic events identified by the human
observers based on the 3 weeks of video data from each of the intersections,
separated both by the different manoeuvres and by the type of road user. The table
also shows how the 355 days of observation are divided between the different
countries (approximately 23 days of observation at each site). Note that the large
number of pedestrian events selected in Poland were caused by a misunderstanding
that resulted in many events considered only slightly severe being included in the
dataset.

Table 5. The number of events for each manoeuvre processed within the 3-week
dataset.

Number of L

s;t;:é::()l’s ( t ( t I
Belgium 3/59 161 52 34 42
Denmark 4/91 177 178 96 103
Netherlands 0 - - - -
Norway 3/63 149 63 68 41
Poland 2/42 52 153 562 681
Spain 1/41 142 - - -
Sweden 3/59 39 31 17 10
Total 16/355 559 477 777 877
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6. An attempt at validation of SMoS

This chapter presents the main findings from a large-scale attempt to validate SMoS
focused on vulnerable road users. The general approach to the validation is
illustrated in Figure 15. The chosen approach has two parallel problems that require
solutions: 1) detection of the relevant safety critical events; 2) estimation of the
expected number of crashes as the direct measure of safety at a studied site (the
ground truth to compare with SMoS).

Crash types of
interest

!

Site selection

SMoS data / \ LTS
Video recording Crash history &
flow
ALL encounters CRITICAL Safety
(24 hours) encounters performance
(~3 weeks) function
i Expected number
Merging datasets S orashes
Comparison/

validation

Figure 15. The general validation algorithm.

Considering the various different approaches to validation found in literature (page
14), the chosen approach is similar to the one used by Lord (1996). This method
was chosen due to the relatively long observation period (3 weeks) at each location,
which limited the number of sites that could be studied.
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The limited number of locations together with a low number of recorded crashes at
each site made it impractical to directly study the relation between critical events
and recorded crashes. By instead estimating the expected number of crashes at each
site using a safety performance function (or crash model), it was possible to gain a
more robust estimate of the safety from each of the observed locations. To make the
crash estimate as robust as possible, crash records and traffic counts from various
similar intersections were gathered in each country (Table 3).

However, analysis of the data exhibited two significant shortcomings which made
the original approach to testing the validity infeasible. These shortcomings were:

1. The difficulties of comparing crash data from different European countries
2. The problem of discrepancies when merging the SMoS datasets

These shortcomings limited the scope of the validation, with the result being a study
of 9 Scandinavian intersections with a focus on cyclist-motor vehicle interactions.
The following sections will further describe both shortcomings in more detail,
followed by the downscaled validation study based on the Scandinavian data.

Crash data from different European countries

Looking at the gathered crash data (Table 3), there are some immediate causes for
concern. How is it possible that Sweden, one of the best performing countries within
the domain of road safety, has such high crash numbers compared to other
countries? Is there a non-negligible under-reporting that is not balanced among the
countries?

The bias introduced by the under-reporting becomes much more evident when a
crash model is calibrated using the crash and traffic data for each country. Consistent
with the state-of-the-art in crash modelling (Lord & Mannering, 2010; Mannering
& Bhat, 2014), the negative binomial model form was assumed:

E(y) = e% - ADT%,, 'ADTIPRU . gCountry )

where E(y) is the predicted yearly crash frequency, ADTy., and ADTyry are the
traffic flow values for motor vehicles and VRUs respectively, ap, a, and b are
regression parameters to be estimated, and Country is a categorical variable with a
value for each single country. A range of models have been tested varying in the
levels of input data disaggregation (left/right turn vs. bicycles/pedestrians, motor
vehicles vs. bicycles/pedestrians, motor vehicles vs. VRU, etc.), all suffering from
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the same type of issues. To save space, only one of the model results are provided
as illustration in Table 6.

Table 6. Crash prediction model for right-turning motor vehicles and cyclists (crash
type a in Figure 13).

Wald 95%
Parameter | Estimate Standard Confidence P- gCountry
Error value
Limits
ap -7.79 3.55 -14.75 -0.84 | 0.0281
a 0.63 0.36 -0.08 1.33 | 0.0828
b 0.31 0.25 -0.19 0.80 | 0.2284
Country (BE) -2.58 0.93 -4.40 -0.76 | 0.0054 | 0.08
Country (DK) -2.87 0.86 -4.56 -1.18 | 0.0009 0.06
Country (NO) -0.62 0.70 -2.00 0.75 103742 | 054
Country (PL) -1.66 1.08 -3.77 0.45 0.124 0.19
Country (SE) 0.00 0.00 0.00 0.00 - 1.00
Dispersion 1.08 0.95 0.19 6.02

From an analytical point of view, the main problem is that no statistically significant
relationship can be found between crash frequency and exposure. Moreover, the
values of e, though in most cases not statistically significant, indicate that all
countries are systematically and dramatically safer than Sweden. This pattern is
consistent for all crash types and aggregation levels. There are two likely causes for
this problem: 1) there are too few crashes within the data, and 2) there is likely a
significant amount of under-reporting within the data.

The issue of under-reporting is not easily mitigated. The most common measure
suggested to reduce under-reporting is to link police data with the injury records
from hospitals and other medical institutions (Elvik & Mysen, 1999; Yannis et al.,
2014). The true scale of the problem can be estimated through self-reporting
methods that can reach even injuries registered neither by police nor hospitals
(Andersen et al., 2016). Even though there is a handful of studies performed in
different countries attempting to quantify the under-reporting rates for different
crash severity levels and road user types involved (Amoros et al., 2006; Elvik &
Mysen, 1999; Janstrup et al., 2016; Kamaluddin et al., 2019), these findings are hard
to use for improvement of the developed model. Usually, the results are presented
on an aggregated level of countries or regions, and do not distinguish crash location,
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manoeuvre type, etc. Another relevant issue, pointed out by Olszewski et al. (2016),
is the lack or inconsistency of definitions for injury crashes among EU countries,
meaning that different practices exist for which crashes are being reported or not.

Scandinavian crash model

Attempts to develop crash models based on only Scandinavian (Denmark, Norway,
and Sweden) data were also made, the idea being that these countries have a similar
traffic culture and might therefore be more comparable. The resulting model (Table
7) includes crashes between cyclists and turning motor vehicles. CURE plots (Hauer
& Bamfo, 1997) indicated a good model fit, as cumulative residuals do not exceed
the boundaries. Note that the pedestrian crash data was excluded since it resulted in
P-values higher than 0.05, likely due to the even lower number of recorded
pedestrian crashes (Table 3).

Table 7. Crash prediction model for turning motor vehicles and cyclists in
Scandinavia.

Parameter | Estimate | Standard Wald 95% P-value

Error Confidence
Limits
a -10.72 2.78 -16.17 | -5.27 | 0.0001
a 0.80 0.28 0.26 1.35 | 0.0041
b 0.60 0.20 0.21 0.99 | 0.0026
Country (DK) -1.71 0.49 -2.66 | -0.75 | 0.0005

Country (NO) | -0.12 0.53 -1.16 | 092 | 0.827

Country (SE) 0.00 - - - -

Dispersion 0.55 043 0.12 2.54

Discrepancies in the SMoS data

As described in Figure 15, the SMoS data was collected in two parallel tracks. For
the 24-hour period, trajectories for all relevant encounters were created; for the
remaining 3-week period, among all detected events only those that seem to have
some degree of dangerousness were further processed. Obviously, while 24-hours
provide a good description of normal traffic, the number of severe situations that
can be captured is low, and their number is greatly affected by randomness. On the
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other hand, the 3-week period contains a more solid collection of severe events, but
as the severity decreases, the events appear in the grey zone of inclusion/non-
inclusion by the observer, and their frequency cannot be trusted any more.

Based on this idea, the hypothesis was that it is possible to find a convergence point
beyond which the results are consistent, i.e. at a certain threshold it should be
preferable to stop relying on the 24-hour data, and instead start to rely on the 3-week
data, since the 3-week dataset should contain a better estimate of the frequency of
severe events. However, the data does not show any such breaking point. Instead,
the 24-hour data consistently show a higher daily frequency of critical events
compared to the 3-week data, regardless of which indicator was tested or their
corresponding threshold values.

Table 8 presents estimated daily frequencies of events in different severity
categories defined by two indicators — TTCmin and PET. The data is aggregated for
15 intersections (all intersections which had a completed 3-week analysis including
both bicyclists and pedestrians), which results in a total of 355 days for the 3-week
datasets and 15 days for the 24-hour datasets.

Table 8. Observed daily frequencies of events in different severity categories.

Daily values
3-weeks | 24-hours 3-weeks | 24-hours

TTCmin<Ss 1.7 63.3 PET<5s 3.1 184.1

TTCmin<4s 1.7 55.1 PET<4s 3 178.8

TTCmin<3s 1.6 35.5 PET<3s 2.9 166.1

TTCmin<2s 1.3 9.9 PET<2s 2.7 124.9
TTCmin<1.5s 0.7 3.7 PET<1.5s 2.2 80.7

TTCmin<ls 0.2 1.4 PET<lIs 1.3 31

Obviously, the two datasets never converge. Even in high-severity categories, the
observers systematically select fewer events compared to the strictly objective
selection of the 24-hour dataset. The hypothesis was tested that conservatism of
human observers might lead to underreporting the encounters. To investigate this
issue, the events from the 24-hour dataset in categories of TTCmin <1.5s and
PET<1.5s were watched and discussed with experts in SMoS. The conclusion was
that the problem was caused by the ineffective indicators used, which were not very
good at reflecting what a human would perceive as dangerous. While the situations
with low TTC or PET included events that seemed to be break-downs, dangerous,
and out-of-control, they included a much greater number of situations that were in
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perfect control by the involved road users that hardly appeared to hold any risk of
collision, not to mention injuries.

Scandinavian validation study

Following the limitations set by the two shortcomings described above, a choice
was made to make a downscaled validation study using only Scandinavian data,
excluding the 3-week data from the analysis and focusing solely on the 24-hour
dataset. Note that one of the Danish intersections were excluded, since there were
no left-turning motor vehicles at that site.

Starting with the crash data, the predicted number of crashes at each of the
Scandinavian locations was calculated using the Scandinavian model presented in
Table 7. Following that, the expected number of crashes at each of the studied
locations was estimated using the Empirical Bayes Correction (Hauer, 1997b). The
correction combines the predicted crash number from the model with the number of
recorded crashes based on the dispersion of the crash model. This allows the
resulting estimate of the expected number of crashes to consider both the underlying
relations established in the model and also consider the local conditions at each
location using the number of recorded crashes.

The resulting crash estimates, the number of encounters, and the corresponding
number of critical events using both TTCuin and PET can be seen in Table 9. The
table also shows the R-squared (R?) value, indicating the linear correlation between
the expected number of crashes and the SMoS indicators at different threshold
levels, and the correlation between the SMoS indicators and the encounters. Note
that the column 77C,»< o indicates the total number of encounters that had a
collision course at some point, regardless of the TTC value.

The result from the SMoS analysis shows that, at least for some threshold values,
there is a substantial correlation between the expected number of crashes and the
number of observed critical events. For these thresholds, the results are comparable
to what has been published in earlier validation studies. However, there are three
major concerns. Firstly, contrary to the SMoS theory, the correlations do not
improve but rather dramatically deteriorate as the thresholds for TTCuin and PET
are set lower. For TTCin, this can be partly attributed to the low number of events
selected by a low threshold, leading to a higher sensitivity to random variation.
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Table 9. Daily number of encounters, critical events using different threshold
values, and the expected number of crashes per year.

) Daily values
Estimated Y
Site Crashes/ TTCmin PET
year ENC
<w |[<4|<3|<2|<15]| <5 | <3 | <2 <1
DK 1 0.11 51.3 7 58 |45| 18] 08 488 | 473 | 393 | 135
DK 2 0.15 179 63 45 | 23 | 5 3 179 176 165 64
DK 3 0.22 102.5 8.5 5 135|115 1 975 | 97.5 | 89.5 27
NO 1 0.49 116 28 25 116 | 5 3 108 85 64 20
NO 2 0.12 155 56 45 | 31 | 11 2 147 129 100 33
NO 3 0.69 117 38 28117 | 5 3 112 105 90 28
SE 1 3.14 310 96 83 | 53 | 10 1 258 231 135 13
SE2 2.79 345 201 | 144 | 85 | 12 2 330 307 228 38
SE 3 0.11 369 74 65 | 35 | 10 1 312 267 160 21
R?, related to
- 0.80 |0.86|0.83|0.82| -0.21 | 0.99 | 0.98 | 0.84 | 0.04
encounters
R?, related to crash
. 0.73 0.62 |0.64 0.58|0.49| 0.05 | 0.76 | 0.73 | 0.59 | 0.00
estimate

Secondly, there is significant correlation between encounters and both TTCpin and
PET, even at relatively strict threshold values. As expected, a more lenient threshold
makes the correlation stronger, while a stricter threshold makes the correlation less
pronounced. Finally, neither TTCpmin nor PET shows a stronger correlation with
crashes compared to the encounters. Following the idea that SMoS are meant to
function as a surrogate to crashes, i.e. they should be dependent on both exposure
and risk, it would have been expected that the indicators would outperform measures
that only attempt to measure exposure.

Considering these points, the result looks quite discouraging for the validity of
SMoS. Even though there is a substantial correlation between the number of critical
events and crashes, the result suggests this correlation principally originates from
the strong relation between encounters and crashes and the inherent connection
between critical events and encounters. However, it is also possible to study the
number of critical events that occur per encounter at the different intersections. This
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value represents the risk at each site and can be compared with the result from the
Scandinavian model (Table 7).

The result from the crash model suggests that the Danish intersections are generally
safer compared to the Norwegian and Swedish sites which are themselves about
equally safe. Looking at the average number of critical events per encounter from
the SMoS study (Table 10), the same result is found using TTCpin with a threshold
higher than, or equal to, three seconds, while PET continually disagrees with the
crash model, regardless of threshold value. This result suggests that while TTCin
fails to outperform encounters on an individual site level, it might still hold some
additional information about risk when considering several intersections together.

Table 10. The average number of critical events per encounter in each country.

Country
TTC min < 0
TTCnin<4 s
TTCmin<3 s
TTCmin<2 s

TTCmin<l.5 s
PET<5s
PET<3s
PET<2s
PET<1 s

=}
S
—_
=}
Ned
oo
<
O
(=)
=}
o3
oo
=}
(98]
—

DK | 0.24 0.17 0.09 0.02

NO 0.31 0.25 0.16 0.05 0.02 0.95 0.82 0.65 0.21

SE 0.36 0.29 0.17 0.03 0.00 0.88 0.79 0.51 0.07

Discussion

The original aim of the study was to validate the use of various SMoS with a
specific focus on VRUs. However, the two problems discussed above hindered a
large-scale validation study, resulting in a downscaled study focusing solely on
Scandinavian data. There are also several noteworthy aspects to consider for future

studies.

The first problem of limited crash data is a major challenge. The lack of crash data
makes any attempt at creating disaggregated crash models very resource intensive.
The differences in under-reporting rates do not allow for building a cross-country
crash model either. While fatal crashes could be expected to be reported reliably in
most countries, they are so few that the number of sites necessary for building a
model becomes unrealistic (within the Swedish dataset, only 2 crashes were fatal).
This problem has been found in early validation studies (Migletz et al., 1985; A.
Svensson, 1992), and it seems to become even more acute in modern times. On the
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other hand, this is a strong argument for further development and use of the SMoS,
as crashes simply cannot be used for measuring safety unless aggregated on a high
level.

The second problem of discrepancies found while merging the 1-day and 3-week
data points out several issues, too. First, neither TTC nor PET, both very commonly
used indicators, seem to reflect severity as it is perceived by a human. As a result,
the severity rankings based on TTC or PET seem counter-intuitive when individual
events are actually examined. While the events judged as severe by humans do
indeed have low TTC or PET, the opposite is not true. There is no obvious proof
that human perception of severity is a reflection of the frue severity dimension,
however, it is clearly more comprehensive, and covers aspects such as nearness-to-
collision, consequences-if-collision, level-of-control during the situation, etc.
Earlier studies found strong agreement among humans in ranking the situations by
their severity (Asmussen, 1984; Kruysse, 1991), indicating that there is some
universal instrument for judging risks (at least when observing a situation as a third

party).

Clearly, there is a large potential for improvement here, and a need for indicators
that are more comprehensive, taking different aspects of a situation into account.

It should also be noted that calculation procedures for the indicators seem to contain
certain challenges. TTC, the indicator most frequently used in SMoS studies, was
calculable in only 35% of all situations, making the rest of the data unusable. Indeed,
in some situations seeming to have a collision course, the road users are in fact
separated by a tiny time gap, which becomes apparent when TTC is calculated using
correct dimensions of the road users and accurate and realistic trajectories.

This again makes the selection different from what was done by human observers
in earlier studies, as such situations were included and a TTC estimate was produced
for them, too. Another dimension of the problem is unrealistic assumptions in
calculations: for example, that the speed will remain constant during the entire
manoeuvre. Therefore, more advanced methods for future motion prediction might
be necessary as, for example, discussed in Mohamed and Saunier (2013). However,
it should also be noted that we can expect very small TTC estimates to be more
robust since there is less time for a road user to make alterations to their trajectory.

Finally, the validation study made using the Scandinavian data showed several
noteworthy results. The study found a significant correlation between crashes and
both TTCwmin and PET, however, the result also suggests that this might be due to
the strong connection between encounters and the resulting critical events. This
suggests that the relation between SMoS and elementary units of exposure should
be further considered in future research. It is important that SMoS have stronger
relation to risk than the exposure measures (Giittinger, 1982; Hauer, 1982), to
provide additional value (and justify the additional costs related to the SMoS
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collection). As has been shown above, lenient SMoS thresholds select events that
are highly correlated with exposure measures and thus might not really contain
any additional information about risks. The property of not being the same as
exposure can thus be used as an indirect criterion that the SMoS is behaving
properly. Obviously, it is also important that any correlation between SMoS and
crashes does not originate in their inherent connection to encounters.
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7. A relative approach to validation

The complications discussed in the previous chapter make classical validation
difficult and resource intensive. The largest problem is the lack of crash data when
disaggregating based on different manoeuvres and types of design. The strong
connection between encounters and SMoS should also be considered, since it is
crucial that any usable SMoS cannot simply be replaced by encounters.

This chapter aims to discuss relative validity as a different approach to investigating
the validity of SMoS. This indirect approach to validity could allow for less resource
intensive studies, which could be useful in identifying poorly functioning SMoS,
and providing a further step if classical approaches to validity are infeasible. The
approach also directly considers the link between encounters and SMoS in a
practical way.

Concept of relative validity

Relative validity refers to a less strict, but possibly more practically feasible,
approach to the validity of SMoS. The core idea is that while a certain SMoS might
not estimate the expected crash number, it still works well in making a comparison
between different sites or conditions at the same site. Basically, a relatively valid
SMoS is able to reflect the direction of the change in safety (improvement or
deterioration), but unable to describe its magnitude. Despite this limitation, the
result of such a study might still provide valuable information.

The use of relative validity removes some of the practical issues, compared to a
more classical approach. With a relative validation study, comparison of only two
sites already contribute useful pieces of knowledge. Such small-scale studies are
easier to perform, and therefore one could expect that the knowledge accumulation
would go faster, though with smaller steps. Another implication is the position of
the threshold between near-crashes and normal events. Theoretically, if the goal is
to estimate the expected crash number, the strictest possible threshold is to be
preferred, as those events should be the closest to crash. This makes the frequency
of the relevant events low and the necessary observation periods long. For the
relatively valid SMoS, the threshold should be merely high enough to distinguish
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between safety of two sites/conditions and, presumably, will be much more
inclusive. In practice, again, that would mean that both validation studies — and
practical safety assessments based on SMoS — could be performed during a shorter
period of time and thus more of such studies could be expected.

An outline for testing the relative validity of a SMoS

Using the concept of relative validity and the idea of elementary units of exposure,
it is possible to construct a practical approach to testing the validity of a SMoS. Such
an approach would consist of two main parts: the ground truth and the SMoS
diagnosis.

The ground truth refers to a known safety ranking between two different types of
infrastructure designs. The main aim of the ground truth is to establish a correct
answer which can be used to test the SMoS. This known safety ranking needs to be
established by previous studies using other methods. Once the ground truth has been
established, a SMoS study can be conducted. The SMoS diagnosis aims to test
whether a certain indicator (using different threshold values) can be used to observe
the safety ranking established by the ground truth. To properly study the effect of a
specific indicator (using a specific threshold), the SMoS study should use an event-
based definition of exposure when counting the number of opportunities for a crash.
If several indicators/thresholds produce the correct safety rankings, the most
preferable option is the indicator/threshold with the highest observed frequency.

A case study looking at bicycle crossing design

The following section provides an example of a validation study of the TTC, and
PET using the proposed relative approach to validity. The study focuses on
interactions between right turning motor vehicles and cyclists in signalized
intersections with separated cycle crossings or cycle lanes (see Figure 16).
Specifically, the study focuses on a subset of the intersections described in chapter
5 of this thesis. Three intersections with separated cycle crossings located in the
Netherlands were chosen together with three intersections with cycle lanes located
in Denmark. The Netherlands and Denmark were chosen because of their high
number of cyclists and the consistent design of their respective intersections. Note
that one of the locations in the Netherlands were not included because it used a
slightly different design.
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Figure 16. The two designs: separated cycle tracks (top image), and cycle lane
(bottom image). The left images show the camera views at two intersections,
and the right images show a schema of the design. The red dotted line shows
were the speed measurements were made.

Safety ranking — ground truth

Separated cycle crossings are defined by a recessed cycle track in conjunction with
a pedestrian crossing, in which the cyclists are physically separated from the motor
vehicle before and after the intersection. In contrast, cycle lanes are only separated
from the motor vehicles with painted lines which continue before and after the
intersection.

According to the systematic literature review made by Prati et al. (2018), there is
evidence that separated cycle crossings are less safe compared to cycle lanes. This
result also seems to hold true when focusing solely on right turning motor vehicles
(Jensen & Transportation Research, 2008; Summala et al., 1996). However, other
researchers note that there is a general lack of high-quality evidence as to the effect
of cycling infrastructure on cycling collisions (Mulvaney et al., 2015; Prati et al.,
2018).
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Speed seems to be an exception to the general lack of high quality evidence, and
several reviews have consistently found that lowering the speed has a positive
impact on safety (Aarts & van Schagen, 2006; Mulvaney et al., 2015; Prati et al.,
2018; Thomas & DeRobertis, 2013). Following these results, Figure 17 below
shows the speed of unhindered motor vehicles making a right-turn at the studied
intersections, measured when the motor vehicles first start to cross the cycle path
(shown as the red line in Figure 16). The speed distribution shows that the
intersections in the Netherlands have a significantly higher crossing speed compared
to the intersections in Denmark.

In conclusion, both the design and the speed measurements taken at the locations
indicate that the 3 studied intersections in the Netherlands are less safe in
comparison to the 3 Danish intersections.

Figure 17. The cumulative speeds of unhindered motor vehicles at the observed
locations, measured when the motor vehicle starts to cross the cycle path.
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The SMoS diagnosis

The SMoS data from the 6 intersections is a subset of the 24-hour data described in
chapter 5 of this thesis. Table 11 shows the number of encounters identified and the
corresponding number of critical events. Note that the column 77C,,;,< o indicates
the number of encounters in which a collision course was identified during the
encounter, regardless of the TTC value. In general, more encounters occurred in the
Dutch intersections, with the first intersection having considerably more events than
the others.
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Table 11. The number of encounters and safety critical events, using different
threshold values, found during 24 hours at the 6 different intersections.

S| 33| 3|32 2| 2| 2| 8| =3
3 ol o alalo ~ - - - ~
Sit g S| E| E|E|E| 4 p p p p
1te - = = = = =
5 A A Al a3 & 2 Y s
e e w s
4
DK 1 205 |28 [23 |18 |7 |3 |195 [193 | 189 | 157 | 54
DK 2 179 |63 |45 |23 |5 [3 [179 [ 179 | 176 | 165 | 64
DK 3 205 |17 |10 |7 3 12 [195 | 195 | 195 | 179 | 54
DK total | 589 | 108 |78 |48 |15 |8 |569 |567 | 560 | 501 | 172
NL 1 317 [ 219 | 185 | 112 |29 |6 [ 292 | 284 | 272 | 223 | 62
NL 2 190 {90 |84 |58 |20 (11188 |185 |177 | 137 |27
NL 3 155 |56 |50 |34 |4 [3 [151 [150 | 141 | 111 |30
NL rotal | 662 | 365 | 319 | 204 |53 |20 | 631 [ 619 | 590 | 471 | 119

Taking the exposure levels at the different locations into consideration, Table 12
shows the number of critical events per encounter for the various threshold values.
Table 12 also shows the p-value generated from Welch's t-test when comparing the
Danish and Dutch results. Looking at the risk estimates in Table 12, the two
indicators do not agree. Only using TTCin does the SMoS analysis agree with the
ground truth. Looking only at the mean value, this result for TTCyi, is consistent for
all threshold values. However, when looking at the individual sites, only the
threshold values of 4s and 3s show that the intersections in the Netherlands are
consistently less safe than those in Denmark. The same is found using the Welch's t-
test, which generates p-values less than 0.05 for TTCni, with thresholds 3s, 4s and

0.
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Table 12. The number of critical events per encounter, using different threshold
values, found during 24 hours at the 6 different intersections.

S| 3| 2| 3| 3| 8| 2| 8| 2] =
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DK 1 0.14 | 0.11 | 0.09 | 0.03 | 0.01 | 095 | 094 | 0.92 | 0.77 | 0.26
DK 2 0.35 | 025 | 0.13 | 0.03 | 0.02 | 1.00 | 1.00 | 0.98 | 0.92 | 0.36
DK 3 0.08 | 0.05 | 0.03 | 0.01 | 0.01 | 095 | 095 | 095 | 0.87 | 0.26
DK Mean 0.19 | 0.14 | 0.08 | 0.03 | 0.01 | 097 | 096 | 0.95 | 0.85 | 0.29
NL 1 0.69 | 0.58 | 0.35 | 0.09 | 0.02 | 092 | 090 | 0.86 | 0.70 | 0.20
NL 2 047 | 044 | 031 | 0.11 | 0.06 | 099 | 097 | 093 | 0.72 | 0.14
NL 3 036 | 032 | 022 | 0.03 | 0.02 | 097 | 097 | 091 | 0.72 | 0.19
NL Mean 051 | 0.45 | 0.29 | 0.07 | 0.03 | 096 | 095 | 0.90 | 0.71 | 0.18
P-value,
0.03 | 0.02 | 0.01 | 0.07 | 0.13 | 0.41 | 0.30 | 0.07 | 0.04 | 0.03
Welch's t-test

The result from TTCnin is somewhat unexpected. SMoS theory would state that the
stricter threshold values should provide a more accurate safety analysis. One
potential explanation for this discrepancy is the significant decrease in the number
of events which are selected using the threshold values of 2s and 1.5s. It is possible
that the low number of events is creating a large random variation which makes the
result somewhat unclear. It is also noteworthy that the result is consistent with the
Scandinavian validation result discussed in the previous chapter of this thesis.

In contrast to TTCnin, the SMoS analysis using PET shows two major concerns.
Firstly, there seems to be a strong correlation between encounters and critical events
when applying threshold values larger than 2 seconds. This might indicate that for
at least these high threshold values, the PET indicator is not really measuring safety,
but mostly measuring exposure. The second concern is that the result from the SMoS
analysis disagree with the ground truth. Using both a threshold value of 2s and 1s,
the Danish sites are consistently found to be less safe than those in the Netherlands.
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Discussion

This chapter argues that a relative approach to validity can allow for less resource
intensive validity tests of SMoS. The proposed approach can be applied to
comparatively quickly test a SMOS, without the need for any resource intensive
work focusing on establishing the expected crash frequency. This is especially
relevant in cases where the studied indicators fail to show the safety ranking
expected by the ground truth. However, the proposed approach also has a number
of limitations that are further discussed in this section.

The first limitation is that any validity test made based on previous studies rely on
the validity and reliability of the studies used for the ground truth. Looking at the
case study, the ground truth relies on several literature reviews that summarize
existing knowledge about how safety relates to bicycle infrastructure design. In
general, there seems to be an agreement about speed but some doubt regarding the
infrastructure design itself.

The second limitation of the proposed approach is that there is no real yardstick for
measuring how many locations are needed. It is obviously preferable for the SMoS
study to include many locations; however, the suggested approach also works when
studying fewer locations. This problem might be alleviated by an increased number
of validation studies. Since the main advantage of the relative approach is that it
allows for less resource intensive studies, it would hopefully result in an increased
number of studies being performed. More, smaller, validity tests would also allow
the indicators to be tested in differing scenarios, which is important if the aim of an
indicator is to be universal.

The third and final limitation is that a relative approach is unable to analyse the
absolute difference in frequency of critical events. For example, if a specific design
produces twice the number of critical events per encounter, it would be impossible
to infer that the risk is also twice as high. Instead, the only result would be that the
design with a higher frequency of critical events is more dangerous. A response to
this limitation could be to divide the concept of a SMoS study into two separate
types of studies: (1) the classical SMoS study and the (2) relative SMoS study. The
classical approach would focus on estimating the frequency of safety critical events
with low threshold values, following the idea of the safety hierarchy (i.e. lower
threshold values are closer to crashes), while the relative approach would focus on
the highest possible threshold which still allows for the correct safety ranking
analysis. This distinction makes theoretical sense in that the optimal threshold
would be different for the two types, and practical sense in that it would allow for a
shorter and more applicable relative approach as well as a longer, more resource
intensive, classical approach to SMoS.
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8. An exploration of encounters

One of the main findings so far is the strong correlation between encounters and
SMoS. While this connection is not that surprising, since safety critical events by
their nature will be a subset of all events, it does merit some further exploration of
the encounters and other event-based exposure measurements.

The aim of this chapter is to further explore how encounters can (and should) be
counted, and to explore the potential use of encounters themselves as a means of
studying traffic safety. Note that these definitions are meant to provide a further
exploration of the definition of encounters, and expand on the definition
previously described in chapter 5.

The main part of this chapter focuses on the findings from paper 4. The aim of
paper 4 is to explore whether encounters might help to explain the Safety in
Numbers (SIN) effect in a similar fashion to the so called Safety in Density
explanation (E. Thompson et al., 2015; J. Thompson et al., 2015; Thompson et al.,
2016; Thompson et al., 2017; Thompson et al., 2018).

Three encounter definitions

As noted on page 16 in this thesis, an elementary unit of exposure is any clearly
defined and countable event that generates an opportunity for a crash to occur. The
idea is to only include the actual opportunities for crashes. However, since it is not
obvious which traffic events create crash opportunities, this study uses three
different definitions of encounters, as illustrated in Figure 18.

Type 1 relates to the number of simultaneous arrivals of conflicting road users at
the conflict area. Whenever a motor vehicle and a cyclist are present within the
intersection and their paths are expected to cross, it is considered an encounter. The
situation in Figure 18 includes six Type 1 encounters, since both cars encounter
each of the three cyclists.

The second type of encounter (Type 2) builds on the first, but considers the queue
of motor vehicles and only counts the first motor vehicle in the queue. The rationale
for excluding the other motor vehicles is that they are not really interacting with the
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cyclists and therefore do not pose a crash threat to the passing cyclists. The Type 2
situation visualised in Figure 18 includes three encounters, since the front-most car
encounters each of the three crossing cyclists.
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Figure 18. Visualisation of the three types of event-based exposure measures used
in this study (Johnsson et al., 2020).

The third type (Type 3) of encounter continues to expand on the second type, only
including one of the passing cyclists. The idea is that after a motor vehicle has
interacted with, and possibly yielded for, a cyclist, the remaining cyclists that cross
while the motor vehicle is motionless face no crash risk. Note that if the motor
vehicle attempts to continue but must stop again for another cyclist, this results in a
separate encounter. The obvious exception to this idea is that it is possible for
several cyclists to be hit by a single motor vehicle. However, between 2014 and
2017, the Swedish police reported 2985 injury-causing crashes between motor
vehicles and cyclists at intersections, and only 20 of these crashes involved more
than one injured person. While this indicates that the risk for the cyclists who pass
through the intersection after a motor vehicle ahead of them has already yielded is
not zero, which also means that using an exposure measure that overlooks them
might introduce bias, it is possible, keeping that in mind, that the Type 3 encounter
can still provide some insight into the remaining 99.77% crashes.

There are two additional noteworthy aspects of the Type 3 encounter. First, it is
not necessarily the first cyclist in a group who is at risk; instead, the point of this
distinction is that only one of the cyclists in the group is at any considerable risk.
Second, the number of passing cyclists is not the same as a social group, since it
can include cyclists coming from both directions, and the division of where a new
group begins is dependent on the behaviour of the motor vehicle. A new encounter
initiates only if a previously stationary motor vehicle starts to move and then
interacts with another cyclist.
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Encounters and traffic volume

Manual observations were made during at least 24 hours at four of the intersections
described in chapter 5 (two intersections in Sweden, one in Norway, and one in
Denmark). To then analyse the relation between encounters and traffic counts, the
data was divided into 15-minute periods and a Poisson regression model was fitted
for both right- and left-turning motor vehicles to the observed data. The model form
(Equation 2) selected is similar to the one commonly used to study the relationship
between crashes and the volume of vulnerable road users (Elvik & Bjernskau,
2017), with the addition of categorical predictor variables for the countries.

ists Beyct B
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15 minutes 15 minutes 15 minutes

Table 13. Coefficients from the Poisson regression model for right-turning MVs
(95% Wald CI). Taken from Johnsson et al. (2020).

Parameter Right-turning motor vehicles
Type 1 Type 2 Type 3

«a (intercept) -4.18 (-4.51 t0 -3.853) | -3.59 (-4.01 to -3.17) | -2.98 (-3.47 to -2.48)
Beyel 1.30 (1.24 to 1.35) 1.08 (0.99 to 1.15) 0.64 (0.54 to 0.74)
Bw 0.98 (0.88 to 1.07) 0.79 (0.67 to 0.90) 0.81 (0.66 to 0.95)
Qgen -0.88 (-1.05 t0 -0.72) | -0.41 (-0.61 t0 -0.21) | 0.18 (-0.07 to 0.43) *
Cpor -0.67 (-0.87 t0 -0.47) | -0.23 (-0.46 t0 -0.01) | 0.00 (0.26 to -0.26) *
Age 0 (reference) 0 (reference) 0 (reference)

73



Table 14. Coefficients from the Poisson regression model for left-turning MVs

(95% Wald CI). Taken from Johnsson et al. (2020).

Parameter Left-turning motor vehicles
Type 1 Type 2 Type 3

« (intercept) | -4.60 (-4.88t0-4.32) | -3.48(-3.80t0-3.16) | -2.57 (-2.96 to -2.18)
Beya 1.33 (1.25 to 1.41) 1.09 (0.99 to 1.19) 0.57 (0.45 to 0.69)
Bmv 1.04 (0.96 to 1.12) 0.71 (0.62 to 0.80) 0.69 (0.57 to 0.81)
Qgen -0.49 (-0.57 to -0.40) | -0.14 (-0.24 to -0.03) 0.22 (0.07 to 0.37)
Upor -1.40 (-1.91t0 -0.90) | -1.47(-1.99t0-0.94) | -1.08 (-1.68 to -0.49)
Ugye 0 (reference) 0 (reference) 0 (reference)

The resulting parameters (Table 13 and 14) show that for Type 1 encounters, the
number of encounters seems to increase faster than the increase in volume (i.e. the
coefficients are larger than 1), or at least remain proportional to the traffic volume.
This result fits with the predictions made by Rune Elvik et al. (2009).

However, the results for the Type 2 encounters show a less than linear relation to
motor vehicle volume but not to cyclist volume, and Type 3 encounters clearly show
a less than linear relationship between both types of volume and encounters,
meaning that an increase in volume does not correspond to a proportional increase
in the number of encounters. The results for the Type 3 encounters especially,
produce a clear SIN effect between volume and encounters, like the one commonly
found between crashes and volume. This result from both Type 2 and Type 3
encounters can be explained by an increase in the mean queue length and an increase
in the average size of the cyclist groups, which occurs as a consequence of a higher
traffic flow which creates a non-linear relation between traffic flow and encounters.

Encounters and crashes

Based on the result from the previous section, a further attempt to correlate
encounters and crashes was made using Type 3 encounters. Looking back at the
crash models developed in chapter 6 using the Scandinavian crash data (Table 7),
the cyclist model showed a typical SIN effect. If a linear correlation could be
found between encounters and crashes, this would further strengthen the idea that
they could help to explain the phenomenon.

74



To be able to compare the crash model based on volume to the crash model based
on encounters, an estimation of the average daily number of encounters had to be
made for the 166 different locations for which crash data was collected. The
estimation was made based on the traffic counts for each location and the
established relationship between encounters and traffic volume presented in the
previous section. Since the aim was to test whether the relationship between
crashes and encounters is linear, a normal crash model was then developed
following the methodology used for the previously established crash models using
the following model form:

Crashes a ENCh
= el 4%

, )

year day

where Crashes is the expected number of crashes per year and ENC is the estimated
daily number of encounters. Table 15 below shows the resulting regression
parameters. The estimate of 0.9 is quite close to the expected value of 1 where the
relationship between encounters and crashes is linear. However, as in the previous
model, the standard error is quite large, and it is difficult to draw any robust
conclusions.

Table 15. Value of regression parameters for the crash model based on encounters.
Taken from Johnsson et al. (2020).

Parameter Estimate Standard Wald 95% Pr > ChiSq
error confidence limits
a (intercept) -6.74 1.35 -9.40 —-4.09 <.0001
B (enc) 0.90 0.23 0.45-1.36 <.0001
Dispersion 0.81 0.82 0.11-5.59 -
Discussion

From the point of view of encounters as an explanation for the SIN effect, the results
from the study indicate that the relationship between traffic volume and encounters
shows a SIN effect similar to that which is normally found between volume and
crashes, when applying the Type 3 encounter, i.e. encountering groups of road
users. The crash model also indicates that it is not infeasible that a linear relationship
between crashes and encounters might exist. However, the limited number of
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locations and the limited crash data makes any strong conclusions impossible;
further research with more data is needed.

From the point of the research questions explored in this thesis, the main result from
the paper is that event-based exposure alone might have some explanatory power
when it comes to safety studies. If this hypothesis of protected road users is valid,
observing and analysing this effect could itself be of value. This might present an
opportunity for studies focusing solely on event-based exposure as a method for
analysing at least some parts of traffic safety.

There are also some noteworthy limitations with the study and its use of encounters.
While the crash data from the Swedish accident database lends some credence to
the argument that certain cyclists pass unexposed because of the actions of a prior
cyclist, it is still unclear exactly how the risk differs between different cyclists who
pass in front of a motor vehicle. Further studies into how the risk of cyclists is
affected by when they pass in front of a motor vehicle might be able to better
understand this process.

Another aspect that has not been investigated in this study is the complexity and
ease of use of encounters. Compared to traffic volume, encounters are considerably
more complex to identify and count, which might limit their practical usefulness.
Whether this increase in complexity is worth the improved insight into crash
causality is an open question. One simple step to attempt to answer this is to estimate
the number of encounters based on observed traffic volume. However, this method
relies on making robust estimations between encounters and traffic volume in the
first place. Future research could focus on establishing such estimations for different
types of infrastructure, which could then be used in conjunction with traditional
traffic counts instead of having to directly identify and count the encounters. Since
the encounters are defined solely by spatial rules, micro-simulation could be used
to study this relationship in a wide range of different scenarios.
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9. Detecting the beginning of
evasive actions

This chapter will present an algorithm for detecting the start of an evasive action,
based solely on trajectory data, followed by a discussion on how the same approach
can be extended to predict how a road user would have continued to travel if no
evasive action was taken.

The motivation for this work is twofold. Firstly, the result and discussion from the
literature review part of this thesis show a potential benefit to estimating severity
before the start of an evasive action instead of after the event has taken place;
however, to my knowledge, no previous research has attempted to identify the start
of an evasive action using solely trajectory data. The studies discussed in the
literature review which use either the Swedish conflict technique or only the Time
to Accident (TA) indicator all rely on a human observer to identify the start of an
evasive action.

The second motivation is the need for a more robust motion prediction approach.
There are several types of motion prediction techniques which could be used to find
the future path of road users. The survey by Lefévre et al. (2014) divides the motion
prediction techniques into three categories:

1. Physics-based motion models are the simplest models, they consider that
the motion of vehicles only depends on the laws of physics.

2. Manoeuvre-based motion models are more advanced, as they consider
that the future motion of a road user also depends on the manoeuvre that
the road user intends to perform. These models can involve trajectory
learning, in which empirical observations are used to form the basis for
the future motion.

3. Interaction-aware motion models are the most advanced, and consider the
inter-dependencies between the road users’ manoeuvres.
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As previously discussed in the literature part of this thesis, the most common
approach to motion prediction in SMoS studies is simple physics-based motion
models (Laureshyn et al., 2016; Aliaksei Laureshyn et al., 2010; St-Aubin et al.,
2014). There are also some attempts at using motion patterns in a manoeuvre-based
motion model to calculate TTC (St-Aubin et al., 2014). These approaches attempt
to predict how the road user will continue travel if the road user remains on/at its
current path and speed. However, these models risk producing unrealistic
predictions if they are used to calculate how a road user will act once it has started
to interact with other road users, since neither physics-based nor manoeuvre-based
motion models consider any interacting behaviour.

Methodology

This section will present a general method for identifying the start of an evasive
action from any road user based on trajectory data, and how a simple manoeuvre-
based motion model can then be used to make motion predictions from the moment
before an evasive action is detected.

The basic idea of the method relies on separating unhindered from interacting
trajectories by using a comparison set of trajectories from unhindered road users,
and calculating how similar a specific trajectory is to that set. If a trajectory is
significantly different from the unhindered set at any point in time, this indicates
that the considered trajectory has stopped being unhindered and is therefore
interacting with another road user.

To calculate the similarity between trajectories at a specific moment in time, this
study proposes a simple method that relies on the average distance between two
trajectories. The calculation of similarity at a timestep is made in two steps. Firstly,
the closest point between the current position and the entire unhindered trajectory is
identified. Secondly, using the closest point as a starting point, the distances
between the points (As in Figure 19) in the two trajectories can be calculated. The
final similarity at timestep t is the average distance calculated from the current
position/closest position and n timesteps backwards in time as shown in the equation
below.

X1 As

Similarity, = 4)
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Figure 19. Based on the current position in the trajectory and the corresponding
closet position in the unhindered trajectory, the average distance (i.e. similarity) is
calculated looking n timesteps back.

By using a set of unhindered trajectories and calculating the number of similar
trajectories for each time-step, it becomes possible to determine at what time-step
an interaction starts, i.e. when there are no more similar trajectories.

Following the identification of an evasive action, the already established similarity
concept can be used in a manoeuvre-based motion model by assuming that the
studied road users would have continued to travel in the same way as the trajectories
considered to be similar. This approach allows for several potential future paths
depending on the number of similar trajectories at each time-step. However, this
prediction is only possible while there are similar trajectories, meaning that the
prediction cannot be made once an evasive action has been identified. The
prediction must therefore be made right before the start of an evasive action.

Using the motion model, it is possible to estimate the probability of the road users
being on a collision course. It is also possible to calculate how far into the future
any collisions would occur, i.e. the time to collision right before the starting point
of evasive action.
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Experimental data

The data used for the following tests come from the 1-day data gathered from 7
intersections (Figure 20) described in chapter 5. Note that this experiment is limited
to only include interactions between right-turning motor vehicles and cyclists. In
addition to this data, a set of unhindered trajectories were gathered at each
intersection.

Figure 20. The camera view at the seven intersections. Note that a thermal camera
was used in Denmark and in the Netherlands.

Calibration

The proposed algorithm for calculating similarity has two parameters that influence
the result: 1) the threshold for the average distance between the trajectories, and 2)
a limit on how far into the past the calculation should be made.

To find suitable parameter values, a calibration test was conducted using traffic
events which were manually selected from the dataset. A total of 50 interactions
between right-turning motor vehicles and cyclists were selected. Each of the
selected situations involved a distinct and clear evasive action. Following the
identification of these events, four other researchers experienced in watching and
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evaluating traffic situations were asked to identify the start of the first evasive
action.

To test how well the algorithm agreed with the human observers, the Intraclass
Correlation Coefficient (ICC) was used to measure the reliability among the
different observers (Fisher, 1932). The ICC produces a reliability index between 0
and 1 when comparing the result from different raters. Values less than 0.5, between
0.5 and 0.75, between 0.75 and 0.9, and greater than 0.90 are indicative of poor,
moderate, good, and excellent reliability, respectively (Koo & Li, 2016). There are
many different forms of the ICC index. Following the guideline by Koo and Li
(2016), a Two-Way Mixed-Effects Model focused on absolute agreement was
chosen for the test.

By testing various combinations of possible parameter values, the best result was
found using an average distance value of 0.8m and a time parameter of 2.93s. With
these parameters, the ICC values showed a good to excellent reliability regardless
of which test person was compared to the computer result. However, the reliability
between the observers themselves was slightly better than when compared to the
computer result. In addition to the ICC values, it is also interesting to analyse how
accurate the computer was when compared to the mean result from the observers.
In this case, the algorithm was generally slightly early in its detections, with a mean
error of -0.16s. The computer also had a noticeably higher standard deviation of
0.73s when compared to the human observers which had a standard deviation
between 0.25-0.32s. However, the result overall indicates that the algorithm does a
satisfactory job at identifying the first evasive action with good to excellent
reliability when compared with human observers.

A test at seven intersections

The following section presents the result of analysing the 1099 encounters between
right-turning motor vehicles and cyclists observed at the 7 intersections. Following
the structure of the proposed method, each interaction can be classified into four
main categories:

1. Events with no detected evasive action

2. Events with a detected evasive action without a probability of collision
course (PCC)

3. [Events with a detected evasive action and a non-zero PCC

4. Abnormal and secondary events

The first three categories follow from the previous method description; however,
the fourth type of events were identified when analysing the result. These abnormal
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events are defined as being immediately detected as evasive actions the moment
both road users are visible in the camera view. In these cases, the algorithm is unable
to make any motion predictions, since no similar trajectories were ever detected.
The result suggests two different types of situations that can lead to these events.
The first type of abnormal event is situations in which one or both road users
showcase uncommon behaviour that is too different from the behaviour of the
unhindered trajectories that are used by the algorithm. The second type of abnormal
event is secondary interactions, in which one of the road users has already interacted
with another road user before the second road user has entered the camera view. The
algorithm correctly identifies that an evasive action has occurred the moment in
which the second road user enters the camera view, but cannot make any motion
predictions from that point.

Table 16 shows the result separated into the four categories. There are several
noteworthy results. Firstly, it is quite uncommon that an encounter occurs without
any form of evasive action; however, it is significantly more common at the
Danish sites. Secondly, only 14% of all events have a non-zero chance of being on
a collision course and therefore produce a TTC value, compared to the 35% of
encounters with a TTC value using the classical approach to TTC (see the
discussion starting on page 60). Finally, the algorithm fails in 19% of all events,
either due to abnormal behaviour or due to secondary interactions. The frequency
of failed measurements also seems to have a high variation with a maximum of
53% and a minimum of 9%.

Table 16. The result divided into four separate categories.

Intersection | Encounters | Category 1 | Category 2 | Category 3 | Category 4
DK 1 80 29 (37%) | 26 (33%) 4 (5%) 19 (24%)
DK 2 137 21 (15%) | 85(63%) | 18 (13%) 12 (9%)
DK 3 114 21 (19%) | 49 (44%) 5 (4%) 37 (33%)
NL 1 107 4 (4%) 49 (46%) | 20 (19%) | 34 (32%)
NL 2 142 1 (1%) 97 (68%) | 30 (21%) | 14 (10%)
NL3 109 0 (0%) 39 (36%) | 12 (11%) | 57 (53%)
Spain 416 18 (4%) | 297 (71%) | 60 (14%) | 41 (10%)
Total 1099 94 (9%) | 642 (58%) | 149 (14%) | 214 (19%)

Table 17 and Table 18 show more detailed data from the encounters which produced
anon-zero PCC and therefore also a corresponding TA value (i.e. Category 3). Note
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that the TA values in Table 18 correspond to the mean TA value from all
combinations of the motion prediction that resulted in a collision between the
trajectories. There are two main findings from these tables. Firstly, the PCC values
seem to be quite constant, with the only exceptions being sites Denmark 1 and 3.
These sites are also noteworthy in that they produce significantly fewer values
compared to the remaining sites. One potential explanation for this is the camera
angle, which captures significantly less of the incoming path towards the
intersection at both these sites (see Figure 20). The second finding is that the Danish
sites seem to generally produce lower TA values compared to the other locations.
However, there also seems to be fewer events at the Danish sites.

Table 17. Summary statistics of the probability of collision course from the 7
intersections.

PCC DK 1 DK2 |DK3 |NL1 [NL2 |NL3 | Spain
Events |4 18 5 20 30 12 60
Mean 0,22 0,38 0,21 0,32 0,32 0,33 0,34
St.dev. | 0,15 0,31 0,16 0,24 0,22 0,21 0,26
Min 0,03 0,04 0,07 0,02 0,03 0,06 0,02
Max 0,39 1,00 0,46 1,00 0,83 0,80 1,00

Table 18. Summary statistics of the mean Time to Accident indicator from the 7
intersections.

TA DK1 |DK2 |DK3 |NLI1 NL2 | NL3 Spain
Events 4 18 5 20 30 12 60

Mean 1,64 | 1,73 [1,32 [252 [231 [243 |242

St. dev. | 0,58 0,71 0,17 0,69 0,54 0,60 0,97
Min 1,20 0,94 1,13 1,40 1,32 1,63 0,05
Max 2,49 3,80 1,52 3,68 3,37 3,45 5,13
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Discussion

The result shows that the algorithm demonstrates potential in its ability to detect
the start of an evasive action. It clearly shows a distinct difference between the
safety critical events and the normal meetings. However, the result also shows that
the algorithm cannot properly handle secondary interactions. Overall, the proposed
method for identifying evasive actions, and the motion model, can be suitable for
use in practice. However, further research into how to properly identify and
analyse secondary interactions is needed, as well as a framework for how to
handle situations without evasive actions and how these events should be merged
into a single safety analysis.

The calibration test indicated that the best parameter values were an average
distance of 0.8m looking at least 2.9s into the past. However, there are some
potential concerns with this result. First, it is possible that the suitable values are
dependent on both the camera view and the technical processing of the video. For
example, the angle and height of the camera at the first and third site in Denmark
are the likely causes of the lower number of events with calculable values there. It
is also possible that changing what type of camera calibration is used and the
accuracy of the tracking software will affect suitable parameter values (T-Analyst
uses the Tsai camera calibration method (Tsai, 1986), and the tracks are manually
made by the user).

Considering the previous chapter discussing relative validity, it is noteworthy that
the result shows considerably lower (but fewer) TA values at the Danish sites
compared to the Dutch intersections. However, it is difficult to draw any concluding
remarks due to the problem with camera angles discussed in the previous section. If
anything, the result might indicate that using TA alone might not be suitable as a
SMoS, and that adding other consideration such as speed or deceleration might
produce different results.

Finally, from the point of the research questions explored in this thesis, it is
interesting to note the aspect of secondary interactions, which limits the use of the
proposed algorithm. The question of how frequently critical events are also
secondary interactions is interesting. It makes some intuitive sense that secondary
interactions are more dangerous in comparison to an average event, since such
situations involve multiple moving road users, which increase the complexity and
therefore also the risk. However, it is also possible that it is the first interaction that
is the most critical, and any secondary interaction is mostly safe due to the already
heightened attention of the road users and the generally lower speeds after the first
interaction.

84



10. Final discussion

SMoS, VRUs and validity

Previous validation studies have generally shown a strong relation between crashes
and critical events. However, most of these studies focus on MVs and rely on human
observers. The attempt at classical validation made in this thesis also shows a
significant relation between crashes and critical events for both TTCyin and PET,
but the attempt also showcases several difficulties of such an enterprise. The main
problem is estimating the crash frequency, which can be compared to the frequency
of critical events. This is not only highly resource intensive, but the problem of
underreporting and the very low number of crashes (when separated into
manoeuvres) make this a very difficult task.

There are some potential workarounds for this problem; it might be easier to focus
solely on MVs, to limit the data collection to only one country, and to include the
entire intersection and not only one leg of an intersection. These changes might
allow for an easier estimation of crash frequency; however, it is unclear whether the
result would be viable for uses in other countries or with VRUs.

A further problem is the lack of an answer to the question: how strong must the
relation be between crashes and critical events for them to be considered valid?
This problem illustrates the trade-off between shorter observation periods and a
stronger relation to traffic safety. Assuming a SMoS correctly measures severity, a
more severe threshold value should result in a more robust analysis of traffic safety
but will also result in fewer observed critical events, which in turn requires longer
observation periods to produce robust results.

The relative approach to validity and the separation of SMoS studies into short-term
and long-term can solve some, but not all, of these problems. The relative approach
to validity focuses only on whether the SMoS can identify the relative safety
difference between two traffic scenarios instead of the difference in the frequency
of critical events. This allows for a less resource intensive type of validity study
with no estimation of crash frequency and less studied locations overall. This
approach also provides a clear yardstick which can be used to find both best SMoS
and the optimal threshold value for each SMoS. The best indicator will be the one
that is able to correctly identify the relative difference in safety while maintaining
the highest critical event frequency, and therefore the shortest possible observation
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period. This SMoS and its threshold value can then be used in short-term SMoS
studies which focus on whether a safety improvement has been observed between
two options.

However, the relative approach has an obvious weakness in that it cannot measure
how much of a difference in safety has been observed, or more specifically, it cannot
provide any support that the observed difference has any relation to the expected
change in crash frequency. It is therefore also important that a long-term type of
SMoS study be used to investigate this question. Note that since we expect the
relation between critical events and crashes to strengthen with a more severe
threshold, the best possible threshold for estimating crash frequency must, in this
context, be the most severe threshold value.

The EVT (Extreme Value Theory) approach to SMoS studies might provide an
attractive prospect for long-term SMoS studies. The EVT approach attempts to
directly estimate the crash frequency from critical event observations by calculating
the frequency of situations with a threshold value that in practise indicates that a
crash has occurred (for example, a crash occurs if the TTC value is 0 or less).
However, while this approach can directly estimate the crash frequency, it has two
main downsides. The first downside is the need for many observations of very
severe situations (Lagnert, 2019), which in turns leads to longer observation periods.
The second downside is that it does not provide a clear yardstick for which indicator
provides the best result. For example, a value of 0 indicates a crash for both PET
and TTC, however, the result from chapter 4 shows that lower PET values are
considerably more common compared to TTC. Using the EVT approach will likely
produce different crash frequency estimates depending on which indicator is used,
and it is unclear how to identify the best one. Indeed, it is possible that this leads to
a similar trade-off problem as the one described before. Using TTC might likely
produce a better estimate compared to PET which in turn might need a considerably
shorter observation period. This discussion leads to the original question of how
strong of a relation there must be before the indicator is considered valid.

SMoS and VRUs in practise

The issue of observation period and using SMoS in practise has to some extent been
discussed in the previous section. However, the concern of false positives and the
need for human observers in the loop are also of major importance.

The result suggests that the indicators used in the InDeV project produce too many
false positives to be directly used without further consideration. The original idea
that critical events identified by humans could be used to estimate the frequency of
severe events failed when a larger number of severe events were found in the
datasets containing normal events. This result implies either that the indicators
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(regardless of threshold value) fail to properly capture severity, and incorrectly
identify some situations as severe, or that the human observers failed to include
many severe situations.

Assuming the indicators fail and produce too many false positives, there are two
possible solutions: a human selection somewhere in the study process, or an
indicator which does not produce as many false positives. This could either mean a
human pre-selection, as mostly used in InDeV, or an after-selection, in which an
automated tool is used to find potential critical events, and a human then removes
the false positives. Note that a human observer in the loop might also make the result
more comparable to the various validation studies from the literature.

It is probably not necessary to create a perfect indicator without any false positives.
However, since severe situations are quite rare, and there is a very large number of
normal situations, even a small share of false positives risks overwhelming the low
number of severe events. There is also a risk that a SMoS becomes a surrogate to
exposure and not safety if the indicator produces many false positives. This effect
might to some extent hide the fact that the SMoS is not working by instead relying
on the useful characteristics of event-based exposure.

Motion prediction

Several SMoS indicators rely on motion prediction. The prediction method mainly
used in this thesis is based on an assumption of constant speed. Assuming that the
road user will continue without changing their speed is a naive approach that does
not consider any changes brought by the infrastructure, nor by interactions with
other road users. More advanced methods for future motion prediction (see for
example Mohamed and Saunier (2013)) might alleviate some of these concerns.
Their approach uses past behaviour at the location to predict how the road users
might continue. This allows the prediction to consider how a road user usually
travels, and make a prediction based on that. This approach should make better
predictions from further away. However, once the road users have started to interact
and/or are taking an evasive action, assuming that they will continue like normal
traffic might lead to bad predictions.

Following this argument, a solution might be to rely on naive and simple models for
short term predictions (up to maybe 1 second), and to rely on more advanced motion
prediction models for longer predictions. One option could be to first identify when
a road user starts to interact, and at that point switch from a long-term to a short-
term prediction.
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Observation period

As discussed in chapter 7, there are some reasons for dividing SMoS studies into a
long-term and short-term form. The long-term study would focus on directly
estimating the crash-frequency at the location, with a focus on only the most severe
events. The expected observation period for such a study would likely be several
weeks.

The short-term SMoS study would be more similar to the way SMoS studies have
been used in the literature, with observations from one or a few days. However, this
approach would not claim to be able to estimate the crash-frequency, and instead
only claim to tell whether the safety has improved/worsened in comparison to a
similar study at a different location. These studies would have to rely on observing
less severe events compared to the long-term approach. Since this could imply a
larger risk of false positives and a stronger connection to event-based exposure,
further validity studies are recommended in order to identify a suitable indicator and
their respective thresholds.

The relative approach to validity discussed in this thesis should allow for much less
resource intensive studies, which hopefully makes future validity focused research
more viable.

SMoS, VRUs and exposure

The results in this thesis indicate that event-based exposure should be used in
conjunction with SMoS instead of traditional traffic counts. This allows the SMoS
to better analyse traffic safety, without the risk of the result being influenced by the
inherent connection between critical events and encounters. Event-based exposure
also provides a clear distinction between what is exposure and what is a SMoS. The
event-based exposure attempts to identify the frequency of events which have a non-
zero probability of a crash, while the SMoS attempts to estimate how large that
probability is, depending on the severity of the event. By then estimating the
frequency of severe events in relation to the number of total events, a clear
description of the safety can be made.

However, as discussed in the exploration of encounters (chapter 8), more research
is needed into how event-based exposure functions and is measured. Expanding on
the idea of protected road users might be of particular interest for future research.
Looking at the concept of group used in the thesis, the argument is that several
passing cyclists are protecting each other, since it is highly unlikely that more than
one of them would be involved in a potential collision, though there is nothing that
says that such protection could not involve other road users traversing different parts
of an area. Taking the situation showed in Figure 21 as an example, the straight
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going MV, bicyclists, and pedestrian are protecting each other from the left turning
MYV, i.e. if this situation were to result in a crash, it is exceedingly unlikely that the
crash would involve more than one of them.

«—>>

O‘LO O‘LO

Figure 21. An example of protection.

This type of protection would lead to a much more complex definition of
encounter which would depend on more than just the two interacting traffic flows.
Furthermore, the situation in Figure 21 includes many potentially interacting road
users, and this complexity might increase the risk of a collision occurring due to
the many different road users that the left turning MV must pay attention to. This
would mean that higher traffic complexity can both limit the number of
opportunities for crashes, and also increase the risk for the opportunities that do
exist. If so, it could provide a path for future analyses of traffic scenarios based on
the aspect of complexity and protection. Since the analysis of encounters revolves
around analysing normal conditions, an analysis of these aspects might be done
quickly, while still providing relevant information related to the safety of the
studied locations.
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11. Conclusions

e There is a general correlation between SMoS and crashes in most previous
validation studies. However, most of them focused on motor vehicles and
relied on indicator estimates from human observers. The most used and best
validated SMoS indicators are Time to Collision Minimum and Post-
encroachment Time.

e Time to Collision Minimum seems to generally outperform Post-
encroachment Time based on the limited classical validation study and the
results from the relative validity study presented in this thesis. Furthermore,
a threshold of 3-4 seconds for Time to Collision Minimum produced the
best result in both studies.

e Both Time to Collision Minimum and Post-encroachment Time seem to
produce a considerable number of false positives when applied to normal
events in traffic and compared to human observers. Using an automated
system to identify severe events followed by a human removing the false
positives is the preferred solution until a more robust indicator is
developed.

e (lassical validation studies which focus on the correlation between crash-
and critical-event frequency are very resource intensive. The problem of
underreporting and the low number of crashes including VRUs further
complicates attempts at validation. Relative validity studies which focus
solely on establishing the relative difference in traffic safety between
locations might be an attractive alternative. This approach is considerably
less resource intensive and does not require an estimated crash-frequency.

e Event-based exposure should be used in conjunction with SMoS studies due

to their inherent connection to critical events. However, how to identify and
study event-based exposure should be further explored in future research.
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