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ARTICLE INFO ABSTRACT
Keywords: The use of situation awareness (SA) measures to assess relative safety in driving is common, with
Situation awareness higher levels of SA being interpreted as safer. These relative interpretations do not allow re-

Driving safety
Safety criterion
Position paper
Driving performance

searchers to determine whether the level of SA could be considered “safe” or “unsafe”. In contrast
to such interpretations based on relative performance, the current position paper explores the
potential for a normative interpretation of situation awareness with regard to safety assessment in
driving. A series of expert interviews yielded viewpoints on the current relation between SA and
safe driving, theoretical underpinnings for a normative approach, and potential actions towards
an SA criterion for safe or unsafe driving. Methodological challenges regarding a normative
approach are discussed together with considerations towards a weighted criterion-based
approach to SA. The selection of SA requirements relevant for safety and the differentiation
and weighting of these requirements on high and lower importance is presented. A method to-
wards objective determination of relevance and weight of SA requirements may increase the
usefulness of SA measures for assessment of safety in a driving context.

1. Introduction

In order to safely take part in the traffic system, drivers have to be able to observe and interpret their surroundings; in other words,
they need to be aware of the situation around them. Situation Awareness (SA) concerns “knowing what is going on” (Endsley, 1995a).
Depending on the type of task under investigation, such as air traffic control, aviation, or surface transport, this can entail the current
position of the vehicle, the relative position and behavior of others, and a prediction about how these might change in the future. In the
automotive domain, the concept of driver situation awareness has been used for example, to measure the effects of different dis-
tractions (e.g. Chandrasekaran et al., 2019; Wulf et al., 2013) or interfaces (e.g. Lee et al., 1999; Van den Beukel et al., 2016; Wulfetal.,
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2013). The construct of SA has also been applied in studies about the impact of vehicle automation on driver SA (e.g. Ma & Kaber,
2005), and how hazard perception skills can be improved by training (e.g. Van der Kint et al., 2024). Finally, SA has been used in
studies on driver monitoring systems (e.g. Hijaz et al., 2019; McKerral et al., 2023). Increased SA has frequently been interpreted in
terms of increased safety. This paper explores whether such an interpretation of SA is warranted. Possibilities for a normative
interpretation are proposed and discussed with experts in the field of SA, yielding methodological challenges and potential paths
towards improved utility of the SA concept.

1.1. Background

There are different definitions of SA, varying on the model or theory being used (Endsley, 1995a; Gugerty, 1998; Salmon et al.,
2012). One of the most popular definitions of SA is given by Endsley (1988): “Situation awareness is the perception of the elements in
the environment within a volume of time and space, the comprehension of their meaning, and the projection of their status in the near
future”. The accompanying theory splits SA into three levels: level 1 SA (perception) concerns the perception of the environment and
the information contained within, level 2 SA (comprehension) is about the understanding of the information gathered at level 1, and
level 3 SA (projection) concerns the future projection of the information (Endsley, 1995b). Amongst other definitions of SA are those
addressing the concept of ‘shared awareness’, including the SA that other road users have (Endsley and Jones, 2001; Salmon et al.,
2012). The present study views SA from the perspective of an individual driver.

Historically, considerations of SA came from the military and aviation context (Endsley, 1988: Taylor, 1990). Pilots and air traffic
controllers are required to process relatively large amounts of information in a short time window and make decisions based on
projections of this information. Various methods of measuring SA are used when evaluating how best to utilize different interfaces to
support the pilot or controller in maintaining sufficient SA. Such methods can generally be categorized into 4 groups (Endsley, 2021a):
process and performance measures (both of which capture SA in real-time), direct measures of SA that probe a person’s SA through
direct questioning of the individual, and subjective measures of SA (that ask a participant to rate their own SA). Process and per-
formance measures infer SA based on other measures (such as communications or actions taken). Subjective measures of SA have been
found to be more closely related to people’s level of confidence in their knowledge and are not correlated with objective measures of SA
(Endsley, 2020a).

Direct, objective measures determine SA by asking the operator to answer multiple questions regarding the state of the world that is
relevant to SA for a given task or role. What the operator needs to know is described in a set of SA requirements. SA requirements are
determined via an analysis of the information needs of the task or role using techniques such as a Goal-Directed Task Analysis (GDTA)
(Endsley, 1993) or Hierarchical Task Analysis (HTA) (Stanton, 2006). A GDTA or HTA commonly results in a list of many information
requirements that are needed to make relevant decisions and perform well (Walker et al., 2018). The GDTA or HTA is then analyzed to
determine a set of questions that covers a broad range of SA requirements suitable for administering in experimental settings. How this
reduction from a full set of SA requirements to a set of questions is done, and if a GDTA or HTA served as the starting point for the full
list of requirements, is not always clarified in research papers. Which SA requirements are used may differ between studies and de-
pends in part on their relevance to the domain, task, research topic, and the (practical) ability to adequately test for awareness of those
requirements (e.g., Rebensky et al., 2022). However, the process used to define the selection of requirements used for testing is often
unclear, resulting in a selection that could differ between studies without explanation. Details on how to conduct a GDTA and develop
SA queries are provided in Endsley (2000a, 2021b), along with sets of queries that have been determined for many different domains,
including driving. An example of queries selected from a full driving related GDTA is available in Bolstad (2001).

In addition to using SA measures as a way to evaluate differences between interfaces or situations, measures of SA may potentially
be utilized as a way of training potential candidates for specialized roles, such as air traffic control personnel or pilots (Certification:
Pilots, Flight Instructors, and Ground Instructors, 2023). Both air traffic control personnel and pilots are extremely well-trained
professionals in a controlled setting where demands on attentional resources are very high, and tailored programs to train SA using
feedback from SA queries have been developed and validated, although the results have been mixed (Kaber et al., 2006; Strater &
Bolstad, 2008). While the road traffic environment is different than the air traffic control or aviation domains, SA (or a lack thereof) is
equally important for successful performance and could still mean the difference between success (safe arrival at the target destination)
and (potentially fatal) failure.

While there is no full test of SA administered during the examination for a driver’s license, there are measures that are similar to SA
(Horswill & McKenna, 2004). Hazard perception training or hazard anticipation tests are the closest equivalent of SA testing in a
driving context and are already part of the driver licensing system in several countries (e.g., Australia, the United Kingdom). It should
be noted that while hazard perception and situation awareness are related, and hazard awareness has been equated to level 3 SA by
some (Endsley, 2018, 2020b), there are some important differences between the two concepts. Where hazard perception is limited to
information about potential hazards, SA is broader in what information could be included, such as upcoming infrastructure changes,
navigational information, and other road users that are not considered hazardous (Evans & Macdonald, 2002). In order to utilize SA for
assessment within driver examination or as a criterion for safe driving, the development of a normative approach should be considered.

1.2. From a relative to a normative interpretation of SA
SA has been used as a measure of safety when determining the impact of, for example, secondary tasks and vehicle interfaces (Fisher
& Strayer, 2014; Gugerty et al., 2003; Khoda Bakhshi et al., 2021; Schomig & Metz, 2013; Schroeter & Steinberger, 2016). Such studies

typically feature comparisons between experimental conditions, yielding insights into relative SA performance (see panel A in Fig. 1).
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Fig. 1. Comparison of situation awareness (SA) performance between two hypothetical experimental conditions, based on relative performance
(panel A), a reference scale (panel B), a safety criterion (panel C), and a context-dependent criterion (panel D).

However, no conclusions can be drawn on whether to interpret any given level of SA exhibited as ‘excellent’ versus ‘good’, or ‘fair’
versus ‘poor’, as such interpretation requires a reference scale (panel B). Moreover, a criterion is required if one additionally wishes to
interpret SA performance in terms of safety (panel C). Such a criterion could potentially be established as the level of SA relevant to
some safety performance indicator (e.g., crash involvement, minimal time-to-collision). Further, such a criterion could be dependent
on context (panel D), such that the level of SA needed for any piece of information at any given time is related to the criticality of that
information within the current context.

How can an SA criterion for safe driving be established? One prerequisite is an unequivocal positive correlation between SA and a
safety performance indicator (SPI). A meta-analysis across several domains by Endsley (2021a) looked at the predictiveness and
sensitivity of two direct objective measures of SA, the Situation Awareness Global Assessment Technique (SAGAT) and the Situation
Present Assessment Method (SPAM). SA measures acquired by using both SAGAT and SPAM correlated positively with performance
measures, with mean Pearson’s r = 0.459 for the SAGAT and r = 0.411 for SPAM (Endsley, 2021a). However, these results were
achieved by combining studies across a number of domains in addition to driving, such as aviation; submarine management; military;
and process control. While there are some comments on the meta-analysis (see Bakdash et al., 2020), it is one of the few overviews on
the predictiveness of direct SA measures. A study by Salmon et al. (2009) shows similar results with SAGAT correlating with per-
formance measures (r = 0.662). Specific SA queries and driving performance measures varied across studies. Consequently, corre-
lations between specific driving-related SPIs and SA cannot be derived from this analysis.

When looking at individual driving simulator studies, several report positive correlations between measures of SA and SPIs. Lee
et al. (1999) modeled SA accuracy and confidence as an intervening variable, which helped to explain the influence of in-vehicle
messages on driving behavior (e.g., crash involvement, speeding). Likewise, Kass et al. (2007) viewed SA as an intervening vari-
able between cell phone distraction and driving infractions (e.g., crash involvement, stop signs missed, speeding, off-road excursions,
centerline crossings). In contrast, Soliman (2010) examined SA by selecting participants showing either low or high SA in a first
experiment. In a second experiment, participants with higher SA yielded fewer driving violations (e.g., crash involvement, speeding,
stop sign neglect, centerline crossings). Several examples of positive correlations between SA measures and safe driving are further
described in a review by Gugerty (2011).

The above studies suggest that SA performance may indeed positively correlate with driving SPIs. Endsley (2000a) stated that
several individual factors (e.g., abilities, experience, training) as well as task/system factors (e.g., system capability, interface design,
complexity, automation) are involved in the decision-making and task execution process, all of which influence the relation between
SA performance and task performance. This makes it difficult to interpret how safe a certain amount of SA will be. Endsley views this
relation as a probabilistic link: good SA performance increases the probability of good decisions and performance, but does not
guarantee them (Endsley, 2000a, 2021b). Conversely, poor SA performance increases the probability of poor decisions and perfor-
mance, but does not necessarily result in serious errors. People with poor SA may avoid accidents due to luck, for example.

Further investigation on the relationship between SA and safe driving could help to better understand the strength of this
(probabilistic) relationship, as well as which factors influence the relationship. Performing an overarching (meta-)analysis across
existing studies may be hindered by at least three inconsistencies in methodology: 1) scenario selection, 2) SA requirement selection,
and 3) SA scoring. Regarding inconsistent scenario selection, some studies in the driving domain do not include hazardous or critical
scenarios (e.g., Ma & Kaber, 2005), whereas other studies do (Lee et al., 1999; Kass et al., 2011; Soliman, 2010; Clark et al., 2017).

Wickens (1995) has pointed out that the SA needed for normal operations may be very different from that needed for responding to
critical, non-normal events. Van den Beukel and Van der Voort (2017) explicitly distinguished between ‘hazardous’ scenarios (e.g.,
complex roads, vehicles passing on the right) and ‘critical’ scenarios (e.g., emergency braking, cutting in), which differed in required
mental effort, likely because only critical scenarios required intervention. Evaluating three HMI concepts, they found that the best-
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performing concept in hazardous scenarios turned out to be the worst-performing concept in critical scenarios. This contradictory
finding illustrates the need to either focus on critical scenarios or to include the criticality of a scenario in a prospective meta-analysis. If
the criticality of a scenario indeed influences the relation between SA and safe driving, it could potentially help to distinguish between
safe and unsafe driving performance (as hypothesized in panel D of Fig. 1).

Concerning inconsistent SA requirement selection, seemingly irrelevant queries may be presented to participants to reduce po-
tential artificial cueing (Endsley, 2000Db), but they should not be part of the analysis of the association between SA performance and
safe driving. Some automotive studies explicitly distinguished between queries probing relevant and irrelevant requirements. For
example, Kass et al. (2007) only presented questions pertaining to the driving task. Radlmayer et al. (2018) presented queries related
and unrelated to the dynamic driving task, but only analyzed the former. Dattel et al. (2011) separately analyzed relevant queries (e.g.,
own vehicle speed relative to surrounding traffic) and irrelevant queries (e.g., color of the coat of a pedestrian). However, other studies
did not make a distinction based on relevancy, even though it seems a distinction may have been warranted (e.g., Ma & Kaber, 2005;
Soliman, 2010).

Finally, inconsistencies in SA scoring are the result of differences in the operationalization of SA measures across studies. Endsley
(2021a) argued that SA should ideally be analyzed per query or at least per SA level (e.g., perception, comprehension, projection), as
this yields a significant increase in sensitivity compared to using a single combined SA score. Several driving simulator studies have
analyzed SA per SA level exclusively (e.g., Van den Beukel et al., 2016) or in addition to a single combined SA score (e.g., Blomacher
et al.,, 2018; Jannat et al., 2018; Tan et al., 2022). However, other studies have reported only a single combined SA score (e.g., Lee
et al., 1999; Kass et al., 2007).

When further investigating SA for safe driving, the above inconsistencies may be resolved by excluding certain studies (e.g., studies
without explicit attention to safety-relevant queries) and by adding factors (e.g., scenario criticality), with the caveat that counter-
measures require an increased sample size to find significant effects of a certain magnitude. For the remainder of this paper, and given
the positive correlations found in individual studies, a probabilistic positive correlation between SA performance and safe driving is
assumed. When it comes to establishing a safety criterion (Fig. 1), the possibility exists that meeting or failing an SA criterion is, by
itself, not a guarantee for safe or unsafe driving performance, respectively. Thus, meeting an SA-based performance criterion will likely
be one of multiple prerequisites for safe driving.

1.3. Research aim and approach

The relationship between SA and safe driving remains only partially clear. Results regarding SA are often only relative (comparing
one condition to another), reducing their usability merely to comparisons. The usefulness of SA as a metric for safe driving is limited
due to this unclear relation and the lack of a normative interpretation of SA results. Without a systematic approach to selection and
scoring of relevant SA requirements, inconsistencies between studies likely occur. A structured approach would enable further
development of SA measures for use in driving safety assessment.

Therefore, this study aims to explore the potential of a normative interpretation of SA in relation to driving safety. Semi-structured
interviews were held with experts in the domain of situation awareness to discuss the theoretical basis for a normative approach, as
well as the selection and weighting of different SA requirements in an effort to enhance SA measurements for driving safety. An
overview of the viewpoints of the different experts is presented. A discussion comparing and contrasting these viewpoints is presented
for the theoretical basis for a normative relation and methodological steps.

2. Method

Semi-structured interviews were held with experts in the field of SA to explore if and how a normative interpretation of SA in
relation to safe driving is feasible. The semi-structured approach allowed for comparison between responses, while also creating a
degree of flexibility to follow up on responses related to the unique background of each expert involved. The study was approved by the
ethical committee of the SWOV Institute for Road Safety Research.

2.1. Participants

Experts on situation awareness were invited to share their views on the relation between SA and safe driving and potential steps
forward. Prospective experts were selected based on their publication history in the area of SA and their impact based on citations
within the SA domain. Preference was given to experts with a focus on the use of task analysis to determine SA requirements, and with
knowledge of SAGAT, as these methods are well established and can be considered the current leading approach to measuring SA. A
total of nine experts were contacted via email with a request to participate in an interview regarding SA and safe driving. Five experts
responded positively and were available in the allocated time window between October 9th and October 26th, 2023.

2.2. Materials

Input from the experts was gathered using semi-structured interviews to ensure the same topics and terminology were used for all
participants. As a preparation, experts were given a survey containing two images of traffic scenarios from the perspective of the driver
(see Appendix A). The scenarios originated from a hazard perception test (Vlakveld, 2011), and were accompanied by the request to list

a number of SA requirements that seemed relevant to the situation shown. These example requirements were used in the interviews to
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facilitate discourse.
2.3. Procedure

The preparatory surveys were sent to experts approximately two weeks before each interview and experts were asked to fill out and
return it in advance. The interviews were held online using Microsoft Teams, with a duration of approximately one hour.

The interview covered a theoretical interpretation of the construct of SA in relation to safe driving, followed by methodological
questions and questions on operationalization. The interview consisted of:

e General questions on the relation between ‘SA’ and safe driving.
e Questions on the use of SA to assess safe driving.

e Questions on selection of SA requirements.

e Questions on measuring SA.

During the interview, the images from the preparatory survey were shown, e.g., a traffic scenario from the perspective of the driver
(see Appendix A). These images served as example situations for the related questions. A short explanation was given on what hy-
pothetical normative interpretations of SA could look like, prior to asking the questions on the use of SA to assess safe driving. This
explanation was derived from the information stated in the introduction and was presented together with images showing the same
comparisons as in Fig. 1. Appendix B covers a more detailed description of the interview setup. At the end of each interview, a short
debriefing was given and the next steps were discussed.

A recording of the meeting was made with consent of the expert, which served to summarize each interview into approximately 800
words. Draft summaries were sent to the corresponding experts for potential adjustment and approval. The lead researchers (RZ, RJJ)
independently established a list of recurring themes based on the interview summaries. The lists were merged to ensure complete
coverage. For each theme, relevant statements by experts (if available) were compared to determine whether there was consensus or
disagreement.

3. Results
3.1. Cheryl Bolstad

3.1.1. Relations between situation awareness and safe driving

Having SA means being aware of the things around you and how they could change. Pure awareness of an element is not enough; a
driver also needs to understand how it could change, project how rapidly that change could occur, etc. SA in driving does not only
involve the surroundings of the vehicle, but also applies to the interior of the vehicle; e.g., perception of how the gauges are changing
and if there are warnings, and comprehension of the state of the vehicle and whether it is functioning correctly.

SA is a prerequisite for safe driving. It is impossible to dynamically do anything safely without SA. This does not mean that perfect
SA always results in being a safe driver. There could be elements of a situation that are outside the driver’s control (e.g., a car might
suddenly pull out in front of you, a tree might fall). Nonetheless, the literature shows a high positive correlation of SA with
performance.

3.1.2. Using SA to assess safe driving

SA and safety are correlated, but not 100 %. When I talk about SA, I typically use a relative interpretation, e.g., when studying SA
differences between age groups. We never saw participants with a perfect SA score. When two SA scores are far apart, it is pretty clear
which is better, but if they are close together, it may be hard to tell.

Establishing a normative interpretation of SA to assess safe driving could be possible in theory but very challenging in practice. If a
person runs 10 tests and performs above average on SA, probably this person drives safer than people who perform below average. But
where do you put the line between ‘poor’ and ‘good’? Knowing where to draw a line above which all SA scores are declared as ‘safe’ is
susceptible to interpretation.

In order to determine where such a line should be drawn, a better understanding of SA is necessary, including a better under-
standing of which factors influence SA. You will need to figure out how to get drivers to focus on the correct elements of a situation,
which will be situation-dependent. Next, age is likely to be one of those factors. Younger drivers tend to have lower SA but are able to
react quicker than older drivers who have more experience and higher SA scores, especially for level 2 and 3 SA. Other known factors
influencing SA measures are working memory and processing speed.

3.1.3. Selection of SA requirements

Not all elements of a situation are relevant to assess safety. Vehicle color, for example, could be relevant for a testimony after a
crash, but not for safety assessment. In general, SA requirements relating to SA levels 2 (e.g., ‘how fast am I going’) and 3 (e.g., ‘what
happens when I press my brakes now versus 2 s later’) are more informative about the quality of driver performance than level 1, which
serves as a prerequisite for the higher levels. Missing a single SA requirement could still result in safe driving; its impact depends on the
importance of the SA requirement missed, which varies across scenarios, and within scenarios over time. For example, a ball rolling on
the street in an urban setting is unlikely to appear on a highway. Time of day may not matter much, except during rush hour when one
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may anticipate more cars or in darkness when certain features are harder to discern. Shifting of importance and attention may occur in
rapid succession (e.g., from a lead vehicle to a traffic sign, driving speed gauge, a cyclist, and back to the lead vehicle) within a
scenario. Certain elements may be common across scenarios, such as the location of other road users or the speed limit. It should be
possible to determine a number of these common denominators. However, using only common denominators could lead to measures
that are too superfluous to measure the intricacies of SA.

Using experts with a lot of driving experience could be a viable method of determining the importance of SA requirements. A caveat
is that these experts are not always great at explaining why certain elements are important. Using existing databases to look at crash
causes could also provide information about the importance of certain SA requirements. While the top-level goals might differ between
two different GDTAs, the underlying SA requirements are typically consistent. These could serve as a basis for subsequent prioriti-
zation. Finding a consensus on what SA requirements are considered important would add to the usability of SA.

3.1.4. Measuring SA

There are multiple ways to measure SA (e.g., SAGAT, expert rating of participants, post-trial measurements, physiological mea-
sures). Regardless of the chosen measure, taking multiple measurements is essential, because SA differs from moment to moment.
Repeated measurements across different scenarios give the best insight into performance. When queries are used, it is important to
prevent cueing participants, e.g., by selecting a different set of queries at each measurement. It is advisable to separate the three levels
of SA during analysis, but this may not always be possible if there are too few questions in certain levels.

3.2. Mica Endsley

3.2.1. Relations between situation awareness and safe driving

SA is fundamental to safe driving. Taking in information and processing is critical to staying safe in traffic. Good SA allows a driver
to avoid obstacles, ensure good operational control, and achieve a wide variety of goals.

An increase in SA is likely to result in an increase in safe driving. The results of a meta-analysis across several domains showed a
positive correlation (Pearson’s r = 0.46) between SA (obtained through SAGAT) and performance measures (Endsley, 2021a).
However, having poor or no SA is not guaranteed to have an unsafe outcome. In theory, a person could avoid issues crossing the street
even when blindfolded, either because other drivers take evasive action or due to pure coincidence. And people can have accidents for
other reasons, such as choosing to drive too fast. However, having better SA greatly reduces the likelihood of an unwanted safety
failure. Therefore, the relation between SA and safe driving should be viewed as a probabilistic relation.

3.2.2. Using SA to assess safe driving

From a practical perspective, dividing or transforming a measure of SA into a reference scale will be difficult. Determining if some
level of SA is safe or unsafe is dependent on the context of the situation. Drivers are constantly switching attention, and parts of a scene
may be critical only for a small amount of time, depending on what is critical at that time. Drawing a line at some level of SA and calling
everything above that line safe seems very difficult.

From a theoretical perspective, it is inappropriate to determine a criterion for safe SA. Maximum SA should be the goal if you are
trying to improve safety. Drawing any line under 100 % leaves room for negative outcomes. There is currently no known method of
determining what level of SA is enough for safe driving below 100 % because accidents can still occur. This is due to the probabilistic
nature of the relation between SA and performance, as mentioned earlier.

3.2.3. Selection of SA requirements

A goal-directed task analysis can be used to lay out SA requirements for a variety of driving goals, which should then be mapped to
performance measures. A GDTA showing the SA requirements for driving is provided in Endsley (2021b). Note that certain SA re-
quirements relate to specific aspects of performance. For example, being aware of other road users around the vehicle influences safety
performance but has no impact on navigational performance.

The importance of an SA requirement in the GDTA at any given time is dependent on what the current goal of the driver is. People
often have to juggle between attention to different SA requirements to meet their goals. In the previous example, looking at the
navigation screen could detract from the SA requirements for a safety goal due to a shift in attention that fills an SA requirement for a
route choice goal. Yet people frequently need to make these trade-offs between goals (such as avoiding collisions, navigating to the
destination, handling vehicle problems, etc.). What goals are most important and which SA requirements are relevant depends in part
on the scenario. A certain awareness across the elements within a situation is required to determine what is the highest priority and
what could be ignored.

In the case of a truck merging in front of a subject vehicle, noticing the truck should be considered a safety-relevant SA requirement.
Depending on the relative speed of the truck, the impact of missing this SA requirement would have more or less impact on safety. If the
truck is driving faster than the subject vehicle when it is merging in front of the car, there is a low crash risk, but if the truck is moving
slower than the subject vehicle, the crash risk is much higher. The location, trajectory, and speed of the truck are all relevant to SA. So,
the actual impact of low SA in many situations is only probabilistically related to performance. But since we want to reduce the risk of
bad outcomes, maximizing SA is the goal.

Good drivers are using often incomplete information to anticipate future events and create safe margins. There are, however, some
SA elements that can be considered to be always important, such as vehicle warning lights. Furthermore, potential decisions of the
driver could influence what elements of a situation should be considered relevant. If someone swerves in front of you, a decision to
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evade a collision by swerving left requires awareness of vehicles in the left lane. Such information is not strictly necessary if the
decision would have been to brake instead. However, people do not always know in advance when an immediate reaction will be
needed. Therefore, to maximize safety, maintaining SA about all the vehicles around one’s car is optimal. While the relative impor-
tance of SA on any given element can vary over time, I have found that people need to maintain at least some SA across their goals in
order to determine what actually are the current priorities. For example, they need to at least know that no vehicle warnings are
present but may only need to know the details if, in fact, there is a problem.

3.2.4. Measuring SA

Questions that probe SA should be crafted in such a way that they cover a range of requirements across the driver’s goals. This
provides insight into how attentional resources are traded back and forth between different elements. Asking about elements that are
completely irrelevant to the driver’s goals serves little purpose. However, questions should also not be too specific because that might
lead to cues for participants, altering their SA.

Grouping SA into a single score limits the potential for diagnosis, as it hides trade-offs in attention and has been shown to be less
sensitive than examining SA on individual elements (Endsley, 2021a). For example, adding a head-up display may yield more
awareness of speed, but at the cost of lower awareness of something else. By adding the scores across SA requirements, you lose that
insight. Even grouping into the 3 levels (e.g., perception, comprehension, projection) may not be very useful, because it hides what
improved or declined within a level.

3.3. Petya Ventsislavova

3.3.1. Relations between situation awareness and safe driving

Situation awareness (SA) helps drivers to read the road and be aware of what is happening around to anticipate or plan for what will
happen next on the driving scene. Good SA allows drivers to prioritize what poses an actual danger (as opposed to prioritizing
irrelevant elements of the driving scene). SA is crucial for safe driving. Higher SA leads to better hazard perception and risk calibration,
and, therefore, a lower likelihood of being involved in a collision. Nevertheless, while an essential factor, SA alone does not ensure
collision-free driving, as drivers may still make incorrect decisions. While SA is a significant factor, other elements come into play, such
as the environment and individual personality traits. SA does not necessarily involve decision-making but can contribute towards an
adequate decision for safer driving.

An issue with the current body of literature is the number of different methods that are being used to operationalize and measure SA
(e.g., different research groups design their own hazard perception methodology and often modify the traditional hazard perception
methodology used). While there is no universally accepted framework, the three-level framework by Endsley (1995a) is the most
popular definition of SA. The majority of methods used are typically developed to measure one of these levels (e.g., third level hazard
prediction). The inconsistent methodologies hinder the ability to quantify and make direct comparisons across studies regarding the
relationship between SA and safe driving. These discrepancies do not arise from incorrect interpretations but rather from variations in
the aspects of SA measured in different studies. It would be highly beneficial to establish a unified framework for SA and safe driving to
address these challenges.

3.3.2. Using SA to assess safe driving

The usefulness of SA to assess safe driving depends on what aspect of SA is being measured and how it is measured. Different
performance indicators will impact the relationship between SA and safe driving. An adequate understanding and operationalization of
the underlying components of SA is paramount to assess safe driving. To gain a comprehensive understanding of SA as a holistic
concept, we must assess its individual components separately. While we cannot definitively predict that someone will never be
involved in a crash, a high level of SA can significantly reduce the likelihood of collisions. It is worth noting that even when some
drivers show good SA, they may still struggle with accurately estimating risk, particularly in situations involving specific decisions
such as driving speed, overtaking, etc. Therefore, it is essential to evaluate all facets of SA.

SA is a broad process which includes a combination of various sub-processes (e.g., prioritizing relevant information, hazard
perception and processing, prediction of hazards), which all need to be operationalized individually. Assessing each sub-process
separately is the most effective way to understand the complex mechanism of SA. Thus, we will be able to address some of the
mixed evidence in relation to the impact of some of the sub-processes of SA on safe driving.

Endsley further suggested that individual and environmental factors can influence the three main components of the SA theory. For
example, driving experience, age, and cultural context can impact the way we perceive, understand, and predict dangerous situations.
A standardized understanding of SA is feasible by building upon a strong theoretical and empirical knowledge base.

3.3.3. Selection of SA requirements

The model of SA distinguishes three main levels of global projection or, in other words, comprehension of other drivers’ behavior
on the road: perception, comprehension, and projection (Endsley 1995a). Not all elements in the environment will be prioritized when
monitoring for hazards, as they will have different level of importance. Some elements should be prioritized before others to avoid
hazardous situations. If drivers are not able to correctly identify which element poses a more immediate hazard, their SA needs to be
developed further. Nevertheless, the mere act of observing an element does not inherently imply an understanding of its significance,
such as whether it poses a hazard. This comprehension is shaped by context-specific expectations rooted in prior experience and
knowledge. An experienced driver is likely to have developed a mental model or representation of different situations and elements
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that are either more or less likely to be present in a certain driving context. For instance, motorways frequently feature merging
vehicles, while urban settings are more likely to include pedestrians. The establishment of broad hazard categories is feasible, as there
are common hazards that can be present in different contexts. However, there are also hazards that are culturally specific to the
context. Therefore, general categories should be approached with caution and must only function as general guidelines.

Anticipation of hazardous scenarios is essential for safe driving. Experienced drivers typically have good SA, which helps them to
anticipate potential hazardous situations in advance and avoid these situations. In order to be able to anticipate hazardous scenarios,
drivers should be able to successfully predict what will happen next on the driving scene (as per Endsley’s level 3 — projection).
Perceiving hazards in a timely manner would only be possible if drivers are able to anticipate them. This allows drivers to plan ahead
and adjust their behavior accordingly.

3.3.4. Measuring SA

The third level of SA - prediction — has typically been measured via the ability to anticipate hazards. In order to be able to suc-
cessfully predict what would happen next in the driving scene, drivers usually make use of precursors to the hazardous situation. For
example, a ball on the street may indicate that children might suddenly run into the road. The ball would be a precursor to the hazard
(children). Therefore, to grasp the environment and foresee forthcoming events, drivers rely on the context of the situation. In this
context, short video clips tend to be more effective than static images. Videos offer a more comprehensive view of the situation,
allowing viewers to better gauge factors like the speed of the driving car and that of others, which can be more challenging to discern in
still images. To effectively capture this third level of SA, rather than directly asking drivers if they spotted a particular hazard, it would
be more effective to ask them if they are able to predict what will happen next on the driving scene (independently of whether they
consider the situation hazardous or not).

3.4. Joost de Winter

3.4.1. Relations between situation awareness and safe driving

According to theory, SA is a precursor to decision-making in driving and a vital determinant of safe driving performance. A higher
level of SA will usually result in safer driving performance. However, SA is not the same as performance. For example, a driver might
have a high level of SA, but the situation could still be unsafe, perhaps because it has become time-critical due to circumstances beyond
the driver’s control.

3.4.2. Using SA to assess safe driving

I see possibilities for determining the relationship between SA and safety, for example using a psychometric approach (see also
Vlakveld, 2011). Just as we see in the Netherlands with the hazard perception test in the theoretical exam for the driver’s license, it is
possible to administer a large number of hazard perception items and correlate the outcomes of such a test with drivers’ recorded
accident involvement. The predictive validity of such a test is likely not very high, given the measurement errors that can occur, but a
certain distinction between safe and less safe drivers should be achievable in this way.

With such an approach, it should also be possible to select ‘good items’, meaning traffic situations that differentiate relatively
strongly between safe and unsafe drivers. I can imagine that relatively obvious situations, like a salient ball rolling onto the road, are
not very discriminating. On the other hand, situations with subtle cues will probably be discriminative between safe and unsafe
drivers. Equivalent to a shortened version of an IQ test or personality test, it might be possible to develop a brief SA screening tool.

3.4.3. Selection of SA requirements

When we want to determine SA requirements for a given traffic situation, the psychometric method described above may be useful;
that is, compare accident-involved and non-accident-involved drivers, and see how their SA scores differ for this situation. Another
possibility I see is the use of expert drivers versus beginner drivers to determine which cues the expert drivers report as being relevant.
It should be noted that, based on Stevens’ levels of measurement (Stevens, 1946), these approaches only provide information on an
ordinal scale.

When aiming to develop SA norms on an interval or ratio scale, for example, for real-time applications like warning systems, other
techniques come to mind. One possibility is to use a model of an autonomously driving car that runs in the background. We have
previously described these kinds of ideas (De Winter et al., 2019) and are currently working on them in my group. If a driver behaves
abnormally, for example, not looking in the mirrors at a time when the predictive model says they should, the SA score would be
considered lower. However, a pitfall here is that, ultimately, it is driving performance that is being measured not SA. The circularity
that arises is that SA is seen as an explanatory construct, while only the performance of the driver is observable (see also Flach, 1990).

3.4.4. Measuring SA

If, however, we want to measure SA according to theory, with its three levels (perception, comprehension, and anticipation), more
introspective methods come to the forefront, such as the think-aloud method or the SAGAT method. Endsley has conducted pioneering
work in this area and has published several influential papers (e.g., Endsley, 1995a). The SAGAT method can still be seen as the way to
measure SA, a way of measuring SA that aligns well with the original meaning of SA.

However, there is little statistical evidence that the three levels of SA are distinct. Although it is conceivable that a driver perceives a
relevant element in the environment (e.g., a pedestrian) but does not understand or anticipate what this element is going to do (the
pedestrian plans to cross, so I should brake), it is practically difficult to distinguish those information-processing stages; in reality,
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cognition may not be so linear but highly intertwined instead. Also, there are some disadvantages to using SAGAT because it is mainly
suited for virtual worlds (after all, you cannot easily ‘freeze’ the real world). SAGAT-like methods where participants have to position
objects in the environment (Lu et al., 2020), or even answer certain queries while driving, have been described in the literature and can
provide good alternatives for researchers.

3.5. Mark Young

3.5.1. Relations between situation awareness and safe driving

Situation awareness as a concept helps us to think about what is necessary for performance and safety. However, it is difficult to use
the concept of SA to explain what is happening or has happened. When investigating a crash, it is easy to say that a driver has lost SA,
but that is not really helpful. SA is useful as a label, but in a safety system, we need to drill deeper into what is actually meant with SA.
SA involves awareness of objects in the near- or medium-term for both space and time. In advanced driving training, drivers are
instructed to use this awareness to anticipate what may happen. A driver’s knowledge of their own (limited) SA (i.e., meta-awareness)
could result in increased safety margins by slowing down and increasing distances in response. Additionally, knowledge of other road
users’ awareness could also be taken into account.

The relation between SA and safe driving is positive: having more SA should result in safer driving. However, if nothing abnormal
happens on a familiar route, driving without high SA may be possible without encountering problems. Therefore, lower SA does not
necessarily result in unsafe driving.

3.5.2. Using SA to assess safe driving

Making a decision on how much SA is considered “safe” requires knowing what objective criteria for safety need to be met within
the context of a measurement. What elements of a situation are given attention is also based on driving experience and recent events. A
driver’s limited attentional resources are likely diverted to where the driver is going to go. Where that is depends on the context. Thus,
boundaries can be determined for a situation within which information can be considered relevant. The proportion of information
known within these boundaries could be used to determine what qualifies as “excellent”. Information outside these boundaries should
be considered less relevant.

3.5.3. Selection of SA requirements

Not all elements of a situation are of equal importance for assessment of safe driving. For example, perceiving the presence of a
vehicle merging towards the same lane has more impact on safe driving than noticing the color of a vehicle on another carriageway.
Furthermore, the importance of elements in a situation is not static. If a driver decides to take an evasive action towards the left lane, it
becomes important to know about other road users on that lane.

A framework is required to structure the importance of SA requirements in a rational and objective way. Time criticality or im-
mediate risk to safety could be useful constructs. Elements that are closer in time or space, or present a bigger risk, should be
considered as more important. Akin to Gibson’s field of safe travel (Gibson & Crooks, 1938), the dynamic nature of a situation could be
addressed by involving the rate of change of elements. Depending on the context, the quicker an element could change and the more
often it does, the higher its importance could be. This usually puts other road users above the physical features of a situation, as road
users are the more variable elements. Research on visual patterns between novice and expert drivers shows that irrelevant information
makes its way more into the minds of novice drivers. Therefore, expert drivers are likely the best population to ask in order to
determine what elements of a situation are important.

There might be situations where noticing certain elements could be considered as a distraction. Noticing a vehicle on another
carriageway is, at best, a sign of spare attentional capacity and, at worst, a waste of limited resources that should be spent elsewhere.
The difficulty with determining which of those is the case is a consequence of the inability to know a driver’s attentional capacity.

When incorporating driving automation features such as adaptive cruise control, the situation becomes more complex. It becomes
necessary for the driver to also be aware of what part of vehicle control is done by the vehicle and what it might do next. This ne-
cessitates some form of shared SA between the driver and the system, almost like a conversation with the technology (see, e.g., Young
& Stanton, 2023).

3.5.4. Measuring SA

A constraint of the SAGAT method is the need to define elements of interest beforehand. If one knows up front that there are 10
important elements in a scenario, it is perfectly possible to check how many of the corresponding questions are answered correctly. The
first challenge lies in identifying which 10 elements are the most relevant. The second challenge lies in interpretation. If you have
correctly answered 7 out of 10 questions, does it mean that you are 70 % aware? The meaning of a certain proportion of awareness
becomes more ambiguous if some elements are more relevant than others, and so should be weighted as such.

The three levels of SA as suggested originally have some use. In practice, the foundation is always perception. Considering the
practical effect of SA, a fourth level that relates to the effective decision on the basis of the other three levels could be useful.

4. Discussion

The interviews with experts on SA yielded several insights into the feasibility of a normative interpretation of SA in relation to safe
driving. These will be discussed first at a theoretical level (e.g., whether such a normative interpretation is valid with the construct of
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SA, Section 4.1), followed by a comparison of views on methodology (Section 4.2) and operationalization of SA measures (Section 4.3).
Taken together, these insights serve as steps towards a normative interpretation of SA (Section 4.4).

4.1. Comparison of experts’ views on a theoretical interpretation of SA

All the experts appeared to have a similar interpretation of SA from the perspective of the driver, involving awareness of the
location of surrounding objects, how their location might change over time, and how to anticipate such changes. The experts indicated
that while perceiving an object is the first step to good SA, understanding and anticipation are better measures of good SA. Usage of SA
measures does differ between the experts, with some indicating use as a diagnostic tool, some researching differences between groups
of drivers, and others as a way to think about what aspects of a situation are important. The consensus was that SA is positively
correlated with safe driving and that having high SA is important for safe driving. However, all experts indicated that having perfect SA
is no guarantee for safe driving, nor does having imperfect SA necessarily result in unsafe driving. The relation between SA and safe
driving could, and maybe should, thus be interpreted as a probabilistic one (e.g., Endsley, 2021a). All experts mentioned factors that
may influence the relation between SA and safe driving, ranging from driver-related factors (e.g., age, working memory, processing
speed, meta-awareness) to driving context-related factors (e.g., cultural context, discriminability of the driving context, other road
users’ SA). Several experts mentioned the need to further investigate the exact impact of these factors and whether they are intervening
or mediating the relation between SA and safe driving. The necessity to develop a framework was also mentioned by multiple experts
as a solid understanding of SA and its constituent parts would be required to counteract diffusion in interpretation of SA and dis-
crepancies in methodology. The notion that SA as a construct is interpreted similarly across experts provides a basis for framework
development. A challenge, however, may be to establish a framework that addresses all specific uses of SA expressed by the experts.

Most experts indicate that it is possible to develop a normative approach to SA in a safe driving context. A major challenge lies in the
determination of when some amount of SA that can be considered “safe” or “unsafe”. A number of experts indicated that deciding on
when something is safe or unsafe requires not only good knowledge of what elements are considered of importance, but also a method
to do so rationally and objectively and some decision on what the thresholds should look like.

Some experts expressed ethical concerns with a normative approach, relating to the difficulty of determining what should be
considered as enough SA. The probabilistic relation between SA and safe driving was mentioned by several experts as a reason for these
difficulties. Some experts indicated that the goal should be to maximize SA as that would likely result in the safest driving, even if some
indicated that perfect SA never occurred in their studies and these participants still managed to drive safely.

4.2. Comparison of experts’ views on methodology for SA requirements selection

The experts agreed that there are differences in the importance of situational elements with regard to safe driving. Examples of
important elements included location and speed of other road users close to the ego vehicle, (latent) hazards such as a ball rolling onto
the road, and potential warnings from within the vehicle. Consensus among the experts also indicated that there are elements of a
situation that could be missed by drivers without necessarily resulting in unsafe driving. Examples of elements that could be considered
less important included other road users on separated carriageways and the color of other road users’ vehicles. Experts indicated that
the potential decisions of the driver in the here and now could also influence the importance of situational elements in the next
instance. Drivers who plan to take evasive action to the left lane should be aware of vehicles in that lane, whereas drivers who plan to
make an emergency stop instead have less reason to be aware of those vehicles but more reason to be aware of vehicles behind. Several
experts cautioned that while it might be possible to determine some general situational elements or SA requirements, situation-specific
requirements should still be used. General requirements are likely to only allow superficial probing of SA, and overreliance on these
general requirements could lead to measures that are too superfluous to really understand the intricacies of a situation. The impact of
culture or context on what elements are important should also be taken into account. Four experts mentioned the need for a framework
and/or method to reach consensus on what elements in a situation are considered important.

Prioritization of elements or SA requirements was mentioned by several experts, suggesting a hierarchy in requirements, with all
experts agreeing that the context of a traffic situation plays an important role in prioritizing. The importance of individual SA re-
quirements changes based on this context and multiple experts indicated that the importance of an element could differ from one
second to the next. Suggestions of methods to establish a hierarchy of importance differed somewhat between the experts. Multiple
experts suggested that experienced or trained drivers could be asked to gather a list of elements that are important. Research on the
gaze patterns of novice and experienced drivers shows that experienced drivers are better at selecting important elements (Crundall
et al., 2012; Lehtonen et al., 2014; Underwood et al., 2009; Vlakveld, 2011), with the caveat that experienced drivers are not always
consciously aware of why certain elements are important. Usage of existing data on common causes of crashes could also provide
information about what elements should be considered important. A measure of criticality or risk of an element was suggested as
another potential starting point to determine importance, with remaining time or distance to an object as an example of criticality. The
suggestion was made to utilize the rate of change of elements as a measure of importance, with quicker and more frequent change
resulting in higher importance. This would usually result in other road users being of higher importance than more static objects such
as infrastructure elements. The suggested methods are not mutually exclusive, and in fact, the validity of a hierarchy of SA re-
quirements may be increased if alternative methods lead to the same ordering (i.e., triangulation).

In addition to methods for determining the importance of elements, there were suggestions for methods to broadly select elements
that could be considered unimportant. This could be done by determining boundaries for a situation within which the information
could be considered relevant, and information outside of these boundaries irrelevant. An example of these boundaries could be the
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Fig. 2. Considerations for the establishment of a normative interpretation of SA. A hypothetical safety criterion (line 1) is translated into thresholds
(lines 3 and 4) for (un)safe levels of a compound or constituent measure of SA based on an established relation between SA and safety (panel A). The
evaluation of SA in relation to safety may vary across one of several factors (lines 5 and 6 in panel B). A method to weight individual SA re-
quirements is needed to establish a measure of SA; the relation between importance of SA requirements (e.g., for safety) and SA contribution is not
yet known (panel C).

physical separation from opposing traffic on a highway, as vehicles on one side have no realistic way of impacting the safety of the
vehicles on the other side.

Comparison of experts’ views on operationalization of SA measures.

Most experts agreed that the three levels of SA as proposed by Endsley (1995b) should be differentiated when investigating where
potential issues with SA might arise, although ideas have been expressed in which scores are compared without differentiating between
the three levels. Most experts also indicated that when scoring a participant’s SA the higher levels (e.g., comprehension, projection) are
likely to have a bigger impact on safe driving than the lower level of perception. Level 1 should be seen as the precursor to the other
levels, but is not regarded as providing as much information about the quality of driving performance, SA, or hazard perception.
However, one of the experts pointed out that there is no evidence that the three levels of SA are statistically identifiable, and from a
pragmatic viewpoint, one expert noted that there are often too few queries at each level of SA to allow for separate analysis. The three
theoretical levels of SA are helpful in determining where attention is spent, and thinking about how to delineate the relevant SA
requirements, but the lines between each level are not clear-cut.

A single combined measure of SA could be useful in order to score overall SA; however, this has been found to be less sensitive than
examining each query separately (Endsley, 2021a). Other experts agreed that SA needs to be operationalized individually, assessing
each SA level separately to understand the complexity of its underlying mechanism, though it should be noted that each level relates to
and informs the subsequent one. Another expert indicated that while the different levels have some use, the real impact of having good
SA is maybe best observed by what action follows from the awareness, suggesting the potential for an additional “fourth” level that
incorporates the effective decision that follows. Endsley (1995b), however, stresses that decisions are not a part of SA, but rather a
subsequent stage.

The importance of good probe design was emphasized by all experts. When utilizing questions, these should be crafted in such a
way that they do not cue participants on what situational elements to attend to in subsequent queries. It was suggested to ask par-
ticipants to state their prediction for what happens next rather than asking them if they have spotted an element of the situation, to
examine level 3 SA (hazard awareness). Some experts stated that when the goal of measuring SA is to assess safe driving, the questions
should be subtle enough to differentiate between safe and unsafe drivers. One expert suggested that questions should cover a wide
range of requirements across the different driver goals, in order to provide insight into the trade-offs made in attentional resources.
While some of the experts stated that using probes into irrelevant elements or SA requirements serves no purpose for determining SA
itself, other experts suggested that these probes could still provide information about where attentional resources are being spent. Use
of these questions also depends on what the goal of the measurement is: to determine the state of a driver’s SA or to determine where
attention is allocated.

4.3. Recommendations
This section synthesizes the expert views into a series of considerations that could lead future research towards a criterion-based
assessment of SA for driving safety. Multiple experts characterized the nature of the relation between SA and safe driving as proba-

bilistic: a high level of SA likely results in safer driving, and a low level of SA likely results in unsafe driving. For the sake of simplicity,
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the black line in panel A in Fig. 2 describes the relation between these constructs as a linear model, and thus SA is here represented as a
single (compound) measure, addressing the question ‘Is it safe?’. A representation in which SA is split into its constituent components
(e.g., perception, understanding, projection) likely affords more diagnostic power (e.g., ‘why is it (un)safe?’). As another approach,
elements may need to be grouped relative to their relevance to individual performance outcomes (e.g., SA needed for avoiding col-
lisions with vehicles, SA needed for avoiding collisions with pedestrians, SA needed for getting to a destination), in order to be able to
make meaningful predictions.

One expert noted that an objective criterion for safety is needed if a criterion for SA in relation to safe driving is to be established.
Where to draw the red line (line #1 in Fig. 2 panel A) on a safety performance indicator (e.g., crash involvement, time-to-collision) is,
in the end, a societal and/or political decision (e.g., European Commission, 2023) and beyond the scope of the present study. However,
given that such a decision is made, and given that the relation between a compound or constituent measure of SA and the chosen safety
performance indicator is known, it is, in theory, possible to derive a threshold for a safe level of SA (e.g., point #2 at which the black
and red lines in panel A of Fig. 2 intersect).

The probabilistic nature of the above relationship implies that a high or low level of SA is no guarantee for safe or unsafe driving,
respectively. This notion can be interpreted as an uncertainty margin or a confidence interval, depicted in gray in panel A of Fig. 2. A
‘guarantee’ for safe or unsafe driving based on a level of SA thus comes down to the degree of uncertainty we are willing to accept in
society, analogous to the 95 % confidence interval that is commonly accepted for statistical tests in the scientific arena. Accordingly,
the error margin yields a threshold below which one may speak of an ‘unsafe’ level of SA (line #3 in Fig. 2) and a threshold above
which one may speak of a ‘safe’ level of SA (line #4 in Fig. 2). Between these thresholds lies a range of SA values based on which no
verdict on safety can be given (although a conservative interpretation could be that any level of SA that is not guaranteed to be ‘safe’
should be treated as ‘unsafe’). Note that focusing solely on the x-axis yields panel C in Fig. 1, with an additional ‘no verdict’ zone.
Currently, this zone (error margin) is likely too large to state the effects of an SA level even well below 100 % on safety with an
acceptable degree of certainty. As knowledge about factors influencing SA increases and subsequent decision making can be corrected
for, the error margin can be expected to decrease. In turn, such a smaller margin of error may enable the determination of SA levels that
meet a criterion for ‘safe’ or ‘unsafe’ driving.

4.4. Factors influencing SA evaluation

Measures of safe driving are frequently expressed as safety performance indicators (SPIs) (e.g., minimum time-to-collision, stan-
dard deviation of lateral position). Endsley (1995c¢) qualitatively modeled SA as a precursor to decision-making, which in turn served
as one of the inputs for subsequent performance of actions (i.e., SPIs). Several factors influencing SA are described (e.g., information
processing, ability, training, workload, automation). The experts in the present study noted that a better understanding of the
(quantitative) contribution of these factors to SA is required to better understand the relation between SA and a measure of safe
driving.

The interpretation of SA in relation to safe driving may differ when zooming in on specific factors influencing this relation. Lines 5
and 6 of panel B in Fig. 1 illustrate how variation on a factor (e.g., ability to react, reaction time) may change the evaluation of a certain
level of SA in terms of safety. When two drivers score the same imperfect level of SA in the same situation (e.g., vehicle automation
issuing a request to intervene in a critical situation), the driver with the physical ability to react faster has a higher likelihood of “safe”
driving than the driver with a slower reaction. This hypothetical example illustrates how we may learn about the contribution of an
individual factor on SA while keeping all other factors fixed. The thresholds for ‘safe’ and ‘unsafe’ levels of SA (e.g., the shape and
position of lines 5 and 6 in Panel B) may vary across factors. Applying this principle to all factors {i...n} influencing SA may yield a
better understanding of the quantitative impact of individual factors and a more detailed model of SA.

4.5. Weighting SA requirements

A selection of SA requirements is required to establish a measure of SA. Most often, this selection is a subset of all driving re-
quirements, stemming from a task analysis such as a GDTA or an HTA. These individual SA requirements can be seen as constituent
parts of an SA measure. It is well accepted that only some elements of a situation can be considered as part(s) of SA requirements while
the remaining elements are considered irrelevant for the measured goal. When assessing safety, for example, SA elements of impor-
tance are often location and speed of other road users or potential hazards, whereas elements such as the contents of billboards are
considered irrelevant.

Hauss and Eyferth (2003) described a method to distinguish between relevant and irrelevant SA requirements, and take this
distinction into account when calculating final SA scores. However, not all relevant requirements within a situation have the same
direct impact on safe driving, and such impact may vary abruptly over time. Consider a vehicle directly in front performing an
emergency stop and a vehicle indicating a desire to merge. While both are relevant to driving safely, the vehicle performing an
emergency stop has a much bigger impact in the short term.

The higher the safety relevance or importance of an SA requirement, the more impact it should have on the SA score (see also Fig. 2
panel C). Care should be taken to prevent ‘hindsight bias’, where a posteriori knowledge of how a situation has developed informs what
elements are considered important. For example, drivers need to be aware of all the vehicles around them, and not just the vehicle that
happened to swerve into their lane in a particular scenario. The ranking of requirements should only take into account information that
would be available to the driver at the moment of measurement. This also applies to requirements whose relevance has a tendency to
change rapidly over time.
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Fig. Al. First scenario for preparatory survey version A. Caption shown to participants: “Driving in the inner city at 30 km/h”. The hazard in this
scenario concerns a child located between two parked cars, who may attempt to retrieve a football on the street. . Reprinted with permission.
Source: Vlakveld (2011)

Fig. A2. Second scenario for preparatory survey version A. Caption shown to participants: “Driving on the highway at 100 km/h”. The hazard in
this scenario concerns a speed differential with a truck intending to merge. In the Netherlands the maximum allowed speed for trucks is 80 km/h. .
Reprinted with permission.

Source: Vlakveld (2011)

One method of ranking SA requirements suggested during the interviews is the use of expert drivers. Asking expert drivers to rank
the selected requirements based on importance to safety would result in the relative importance of requirements. However, experi-
enced drivers are not always capable of explaining why certain elements should be considered more important than others and show
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Fig. A3. First scenario for preparatory survey version B. Caption shown to participants: “Driving in the inner city at 50 km/h”. The hazard in this
scenario concerns a bicyclist about to overtake a parked car. There is no room for the subject vehicle to overtake the bicyclist, due to oncoming
traffic in the opposite direction. . Reprinted with permission.

Source: Vlakveld (2011)

Fig. A4. Second scenario for preparatory survey version B. Caption shown to participants: “Driving with adaptive cruise control active on the
highway at 100 km/h”. The hazard in this scenario concerns a speed differential with a truck intending to merge, combined with the notion that
adaptive cruise control is active. In the Netherlands the maximum allowed speed for trucks is 80 km/h. . Reprinted with permission.

Source: Vlakveld (2011)
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bias in their selection (Ventsislavova et al., 2022). Use of eye-tracking data to create a baseline or norm for gaze patterns and ranking
requirements based on gaze frequency could provide a similar list of relative importance, potentially probing non-conscious elements
of behavior.

Developing a method to more objectively determine the importance of SA requirements could allow for standardized weighting of
different requirements. Based on the responses from the experts, the importance of an SA requirement in a particular instance depends
on several factors.

A first factor concerns the SA level. Experts noted that the higher levels of SA (levels 2 and 3, comprehension and prediction) have
more impact on safety than the lower levels of SA (level 1, perception). Therefore, it could be argued that measures (e.g., SAGAT
queries) probing the higher levels are more important and may have a bigger impact on the total SA score compared to those measures
probing only the lower levels of SA. An argument could be made that there are cases where a prediction could be made based on
previous experience and knowledge (described as mental models in Endsley, 1995b). It is also possible that drivers’ implicit awareness
(Bellet et al., 2009) yields SA at level 2 and 3 without explicit awareness of the lower level SA. In a study conducted by Lo et al. (2016)
among train operators, it was found that level 1 SA scores were remarkably low compared to level 2 and 3 SA scores. This suggests that
the train operators may have observed relevant elements in the environment and implicitly processed them but were unable to report
them explicitly. Their ability to understand the overall situation and extrapolate it into the future suggests that level 3 SA may be
achieved without requiring explicit components of level 1 SA. Alternatively, one could argue that SA level 1 is a prerequisite for higher
levels of SA (i.e., one cannot comprehend that which one cannot perceive), and therefore, SA level 1 may be viewed as most important.

Second, a measure of criticality or hazardousness may be included. Elements that pose a greater immediate crash risk should be of
higher importance than elements that pose less or no risk. This could be based on trajectory-related measures such as time-to-collision
or post-encroachment time, or more generally by taking into account the rate and frequency of change of each element.

Third, driving can also be seen as a dynamic regulation loop focused around SA of the driver (in line with Neisser’s perceptual cycle
(Neisser, 1976; Plant & Stanton, 2015)). A comparison of the perceptual cycle with the SA concept is also given in Adams, Tenney &
Pew (1995). The dynamic loop of the driving tasks means that the importance of elements depends in part on decisions made before as
well as changes in the evolving environment. As noted by a number of the experts, the importance of awareness of vehicles in the left
lane increases when deciding to swerve left to evade a collision for example.

4.5.1. Future research

Further development of the concepts and recommendations presented so far is required before their feasibility and validity can be
tested. Experimental research should consider advancing the development of a method for selecting and weighting SA requirements. A
first step could concern comparing and contrasting different methods of determining the importance of SA requirements, by selecting
identical situations and applying the methods mentioned above (e.g., expert driver interviews, gaze patterns, criticality of an element)
to create rankings. Ideally, asking experts to rank requirements results in similarities in ranking for a particular situation as a ranking
based on areas of interest identified through eye tracking techniques, or a ranking established with the use of a theoretical approach
based on trajectory measures or frequency and rate of change (see also Bellet et al., 2009). By comparing these differently acquired
rankings, insight could be gained on whether a requirement is important or not and help to establish what strengths and weaknesses
are for each method. Of key importance in any efforts in this direction is the recognition that the relative importance of different SA
requirements will be highly dependent on the decisions and goals being considered. For example, a different set of rankings would be
expected for avoiding collisions with other vehicles for example, than for navigating to a particular location, or for avoiding a traffic
ticket. Additionally, a focus on individual scores for SA requirements that are deemed important or of high priority provides insight
without being occluded by attention shifts that are taking place on lower priority SA requirements.

Another approach could include a method to determine the weight of a specific SA requirement based on the risk of negative
consequences when the SA requirement is not met. Being aware of 90 % of information but overlooking a key element for making a safe
decision (such as a trajectory conflict) could almost systematically lead to increased crash risk. Conversely, a driver who overlooks 90
% of information but focuses almost exclusively on this key element might prevent a crash. The lack of awareness of key elements may
yield a more direct indicator of dangerous driving than the percentage of accuracy of SA as a predictor of safe behavior. However, the
quickly changing environment during driving may result in a situation where an element that was not important before may suddenly
become critical. A focus on only those elements that are of importance in the moment might leave a driver unable to quickly refocus
attention to new elements of importance when required. Care should also be taken to avoid hindsight bias when selecting key elements.

To develop a criterion-based approach of SA and reduce the uncertainty margin between SA and safe driving, various aspects of
decision making could be included, such as mental models (Bellet et al., 2009), risk assessment (Bellet et al., 2009), driving schemata
(Charlton and Leov, 2021) and differences in types of drivers (Salmon et al., 2014). For example, risk assessment (Bellet et al., 2009)
concerns how drivers assess (potentially critical) situations based on their SA and may account for driver-specific variation relating to,
e.g. risk-taking.

It should also be noted that other road users play an important role in determining final safety outcomes. When other road users are
more aware of the ego vehicle than the other way around (e.g. Salmon et al., 2014), these other road users may be able to compensate
for a potential lack of SA from the driver of the ego vehicle in some instances. Technological interventions could also compensate for a
lack of SA, influencing the amount of SA that is required (for example, lane change or blind spot warnings and backing warnings that
might help to compensate for SA losses). Experimental research that explores the impacts of these factors combined with a method of
selecting and weighting SA requirements could result in a better understanding of the impact of SA on safe driving and allow for more
focused approaches to tackling road safety issues.
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4.6. Limitations

A limitation of the current paper is the number of interviewees. While they were chosen based on their expertise in situation
awareness, they only represent a small subset of all SA experts. Another limitation lies in the semi-structured nature of the interviews.
Not all follow-up questions were the same for all interviewees due to differences in answers. It can, therefore, not be stated with
certainty if experts did not mention something because they did not feel a certain way or merely did not think of it at the time. The
saying that “absence of evidence does not equal evidence of absence” applies here. Additionally, the paper does not present new
empirical data. The current paper only presents a foundation for further work that should include experimental research. Some
suggestions for further research have been presented.

Furthermore, distinct theories and perspectives on SA exist, and this paper adopts the individual driver’s perspective when dis-
cussing SA. While this limits the perspectives on SA, it allows for a clearer discussion on requirement selection methods and weighting.
Projection of the considerations presented here on other theories of SA is recommended to explore if and how, for instance, a level of
shared SA could be assessed.

5. Conclusion

In this study, five experts on SA were interviewed to gain insights into the feasibility of, and potential considerations towards, a
normative interpretation of SA in relation to safe driving. The experts agreed that situation awareness is associated positively with safe
driving but that factors underlying this relation are currently not fully understood. The probabilistic relationship between SA and
performance results in an inability to confidently state what amount of SA can be considered safe for driving. While most experts agree
that it is, in theory, possible to reach a normative relation between SA and safe driving, there are a number of practical challenges that
need to be considered first.

From an academic or scientific perspective, the present study highlights several considerations towards the development of a more
complete concept of SA for safe driving. The considerations relate to the selection of safety-relevant SA requirements and ranking or
weighting these requirements based on their importance to driving safety. A first approach to the selection and weighting of SA re-
quirements is given in this paper. Deciding on a standardized method of identifying and weighting requirements should be considered
as an important goal for future research. Additionally, a criterion based approach to SA is recommended. From a societal or ethical
perspective, the present study highlights that there is currently no way to determine what amount of SA below 100 % can be considered
‘safe’ on relevant elements, or what ‘safe’ should entail. The discussion about what should be considered an adequate level of safety in
driving should be held at a societal level. Until it is feasible to determine what amount of SA is enough, the goal should be to maximize
SA, while acknowledging that achieving 100 % SA may not be possible and some trade-offs may need to be made.

The use of relative SA measures to declare one group or interface as safer than another should be done with the utmost care. The
current known relation between SA and safety does not allow for the judgment of safety based on relative performance, unless safety-
specific measurements are made in addition to SA measurements.
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Appendix A:. Preparatory survey
As preparation for the interview, a short survey was sent to the interviewees. The survey consisted of an assignment and two
scenarios. The scenarios are shown in Figs. A1 to A4, where the scenarios depicted in Fig. A1 and Fig. A2 were used in survey version A,

and those depicted in Fig. A3 and Fig. A4 were used in survey version B. The following assignment was given with the scenarios:
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“Please have a look at the images on the next two pages. Each image shows a scenario from the driver’s point of view. For each
scenario think of 3 to 5 potential elements that you would consider requirements for situation awareness. The requirements should be
formulated as elements of information that the driver should know about in order to safely take part in traffic.”

Appendix B:. Questions for interview with experts on situation awareness

The use of situation awareness as a measure of driver engagement or safety is an important part of road safety research. This

interview is dedicated to exploring how some of the current limitations of situation awareness in relation to assessing driving safety
may be mitigated. Special attention will be given to discussing situation awareness requirements and how to link these to driving safety
assessment. The interview starts by probing interpretation of the construct ‘SA’ and its relation to safe driving, followed by if and how
measures of ‘SA’ could be operationalized towards assessing driving safety.

g h wN =~

0B.1. General questions on the relation between ‘SA’ and safe driving.

. How would you describe the relation between ‘SA’ and safe driving?

. Would you describe this relation as uni- or bi-directional?

. Do you think it is possible to further quantify this relation, and if so, how?

. Which factors influence the relation?

. What is keeping us from quantifying the relationship between ‘SA’ and safe driving?

0B.2. Questions on the use of SA to assess safe driving.

. Do you think it is possible to establish a normative interpretation of SA in relation to safe driving? Why?
. What would be required to establish a normative interpretation?

0B.3. Questions on selection of SA requirements.

. Let’s say one of the SA requirements [listed by the expert in the preparatory survey] is not met (e.g., by incorrectly answering the

corresponding question). How would you evaluate the driver’s SA in relation to safety?

. What if not this particular SA requirement is missed, but another one? Would this change your answer?
. Would you say that even when not meeting a certain SA requirement, SA could still be sufficient for safe driving?
. If we used a different scenario (such as the one shown earlier), and the driver reaches the same SA level, then would the inter-

pretation in relation to safe driving be the same as well?

. Looking back at this thought exercise, how would you generally determine what SA requirements are needed to assess driving

safety?

. How would you decide which SA requirements should be met for safe driving? Does this selection change based on research

question, research method, traffic scenario?

. Do you think there are some SA requirements that are always relevant? Which ones?

0B.4. Questions on measuring SA.

. What do you think is the best approach to translate an SA requirement into a query?
. We have found differences across studies in terms of scoring answers. Do you think that the 3 levels of SA (perception, under-

standing, projection) should be grouped to calculate a single combined score? Or should a separate score be calculated for each SA
level? Why?

Data availability

Data will be made available on request.
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