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Management summary
As part of their SMS, aviation service providers are required to develop and maintain the means to verify the
safety performance of their organisation and to validate the effectiveness of safety risk controls. Furthermore,
service providers must verify the safety performance of their organisation with reference to the safety performance indicators and safety performance targets of the SMS in support of their organisation’s safety objectives.
However, SMEs lack sufficient data to set appropriate safety alerts and targets, or to monitor their performance,
and no other objective criteria currently exist to measure the safety of their operations. The Aviation Academy
of the Amsterdam University of Applied Sciences therefore took the initiative to develop alternative safety
performance metrics. Based on a review of the scientific literature and a survey of existing safety metrics, we
proposed several alternative safety metrics. After a review by industry and academia, we developed two alternative metrics into tools to help aviation organisations verify the safety performance of their organisations.
The AVAV-SMS tool measures three areas within an organisation’s Safety Management System:
• Institutionalisation (design and implementation along with time and internal/external process dependencies).
• C
 apability (the extent to which managers have the capability to implement the SMS).
• Effectiveness (the extent to which the SMS deliverables add value to the daily tasks of employees).
The tool is scalable to the size and complexity of the organisation, which also makes it useful for small and
medium-sized enterprises (SMEs).
The AVAS-SCP tool also measures three areas in the organisation’s safety culture prerequisites to foster
a positive safety culture:
• O
 rganisational plans (whether the company has designed/documented each of the safety culture
prerequisites).
• Implementation (the extent to which the prerequisites are realised by the managers/supervisors across
various organisational levels).
• P
 erception (the degree to which frontline employees perceive the effects of managers’ actions related
to safety culture).
We field-tested these tools, demonstrating that they have adequate sensitivity to capture gaps between
Work-as-Imagined (WaI) and Work-as-Done (WaD) across organisations. Both tools are therefore useful
to organisations that want to self-assess their SMS and safety culture prerequisite levels and proceed to
comparisons among various functions and levels and/or over time.
Our field testing and observations during the turn-around processes of a regional airline confirm that
significant differences exist between WaI and WaD. Although these differences may not automatically be
detrimental to safety, gaining insight into them is clearly necessary to manage safety.
We conceptually developed safety metrics based on the effectiveness of risk controls. However, these could
not be fully field-tested within the scope of this research project. We recommend a continuation of research
in this direction. We also explored safety metrics based on the scarcity of resources and system complexity.
Again, more research is required here to determine whether these provide viable solutions.
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1

INTRODUCTION

Aviation safety is continuously improving. However,
our current period of growth demands further efforts
to maintain these continuous improvements in
absolute safety levels. One of these efforts is the
implementation of Safety Management Systems (SMS)
that are run according to standards set by the International Civil Aviation Organisation (ICAO 2016).
Despite what the term ‘system’ might suggest, SMS
is actually a set of procedures and guidelines –
a process – to ensure safety performance. Each
service provider1 in the aviation industry designs and
implements their own systems within this structure.
As part of the SMS, the service provider is also
required to develop and maintain ways to verify the
safety performance of their organisation and to
validate the effectiveness of their safety risk controls.
For large organisations, a safety reporting system
that reports operational occurrences2 forms the
backbone of their SMS, and is instrumental in
safety assurance. The service provider must also
verify the safety performance of their organisation’s
SMS in terms of the safety performance indicators

and the safety performance targets that support the
organisation’s safety objectives. However, small and
medium-sized enterprises (SMEs) lack sufficient data
to do this. The size of their operations is too limited
to set appropriate safety alerts and targets, and to
monitor performance against them. No other objective criteria currently exist to measure the safety of
their operations.
As a result, several companies have approached the
Aviation Academy at the Amsterdam University of
Applied Sciences (AUAS) to help them identify ways
to measure the safety of their operations without the
benefit of large amounts of safety-relevant data.
This publication contains the results of this research
project, which was funded by a grant from SIA. The
first section contains the results of a literature review
and a survey about existing aviation safety metrics.
The document then describes several alternative
proposed safety metrics, which we further developed
and field tested. Finally, we summarize the conclusions and recommendations

1. A
 service provider can be a training organisation, aircraft operator, maintenance organisation, manufacturer, air traffic control
organisation, airport operator, etc.
2. ‘Occurrence’ means any safety-related event which endangers (or which could endanger, if not corrected or addressed) an aircraft,
its occupants or any other person. It specifically includes an accident or serious incident.
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2

THE DEMANDS OF THE AVIATION INDUSTRY

2.1 H
 ow can the aviation industry assess SMS
effectiveness
The aviation industry faces an important question:
how can companies assess and demonstrate the
effectiveness of their safety management system
(SMS)? SMS regulations do provide these companies
with general guidelines to develop their own assessment process in further detail. But in the absence
of objective criteria to prove a certain level of safety
of their operations, they wonder:
• Is the way they apply SMS – their safety control
process – effective enough?
• If it is, how can they demonstrate this to
authorities?
Other questions related to measuring safety have
been stated by professionals from several different
companies and institutions in the aviation industry:
• W
 e do have some relevant data on past incidents.
We try to use these data to determine whether our
current operations are safe. But is this enough?
The data we have are limited and are linked to
specific situations. They don’t cover our full
operations
• W
 hat level of safety risks can we call acceptable?
SMS doesn’t give an answer to that. But the
authorities do want to know whether our
operations are safe enough.
• H
 ow do I balance certain safety risks without
knowing how to compare them correctly?

• D
 etermining the existence and extent of a certain
safety risk is currently a subjective matter. How
can we approach this in a more objective way?
• It is likely that we are overlooking some severe
safety risks. We may also be wasting time and
money on unimportant risks. But how can we really
know? We only have experience and a ‘gut feeling’.
These questions are especially relevant for SMEs.
When it comes to safety outcomes, they lack the
staff – and access to data – that bigger companies
have. However, the bigger companies are also unable
to assess and demonstrate the effectiveness of their
SMS in an objective way: they too have no metrics
or other objective criteria to measure actual
operations safety.
The responsibility of measuring and assessing the
safety of aviation activities is divided between safety
managers at individual organisations and external
supervising authorities3. However, actual safety
management – the execution of new measures to
improve safety – is not the responsibility of safety
managers. It is the responsibility of operational
managers. Safety managers assess the safety of their
institutions’ daily operations and report their conclusions to management. The external supervisors
monitor this process and the follow-up activities based
on the conclusions of safety managers (oversight).
This research focused on the first part of this dynamic:
the questions faced by safety managers at SMEs.
However, the questions are also relevant for supervising authorities: their safety management surveillance activities can only be conducted adequately if
they also know how safety is being measured.

3. In the Netherlands, the Inspectie Leefomgeving & Transport (ILT) is the supervising organisation for civil aviation. The Militaire Luchtvaart
Autoriteit (MLA) is the supervising organisation for military aviation.

10

3

LITERATURE REVIEW AND INDUSTRY REFERENCES

3.1 Views on safety
Long-established views on safety and relevant
limitations
The International Standardization Organisation (ISO)
defines safety as “freedom from unacceptable risk”.
They define risk as a “a combination of the probability
of occurrence of harm and the severity of the harm”,
where harm is “physical injury or damage to the
health of people either directly or indirectly as a
result of damage to property or the environment”
(ISO 1999). The International Civil Aviation Organisation (ICAO) defines safety as “the state in which the
possibility of harm to persons or of property damage
is reduced to, and maintained at or below, an acceptable level through a continuing process of hazard
identification and safety risk management” (ICAO
2018). Both definitions include the term risk, which is
defined as a combination of probability and severity
of harm. They also refer to acceptable levels of risk,
suggesting the existence of a threshold that distinguishes between safe and unsafe states.
These views on risk are linked to a deterministic
approach to safety in which probabilities can be
determined quantitatively (based on frequencies of
past events) or qualitatively (through expert judgment). The latter includes a variety of limitations due
to the influence of heuristics and biases (Duijm, 2015;
Hubbard & Evans, 2010). The severity of harm is
generated through credible accident scenarios (ICAO
2018) which are based on an extrapolation of previous experience and the assumption that the set of
accident scenarios is finite and available. This may be
true for general categories of events (e.g., controlled
flights into terrain, runway excursions, etc.) but the
approach may not always be feasible when considering combinations of various factors that can
contribute to these types of high-level events
(Roelen & Klompstra, 2012; Leveson, 2011).
The definitions of harm in relation to safety exclude
acts of terrorism, suicide and sabotage. The levels of
other types of operational risks are calculated via a
risk assessment process. They must then be compared

to what is acceptable to identify whether mitigation is
required. However, the level of acceptable operational
risk has not been universally established. ICAO (2018)
prompts States and organisations to define their
own risk tolerances and thresholds. This makes c
omparisons across the aviation industry cumbersome.
Furthermore, the acceptability of risk depends on the
system considered. For example, a single fatality can
be perceived as a big loss at a company or individual
level, but might not be seen as such at the level of
State or industry sector (Papadimitriou et al., 2013;
Pasman & Rogers 2014; Sinelnikov et al., 2015). Ale
(2005) suggested a maximum acceptable individual
fatality risk of 1 x 106 per year in the Netherlands, and
identified a strong sensitivity of the public to multiple
fatalities resulting from a single event. International,
national and professional group norms and cultures
may influence acceptable risks (ICAO 2018), while
the perception of safety might differ from officiallyaccepted risk levels. In practice, the sense of safety
is often eradicated in the wake of adverse events.
This means that actions to prevent reoccurrence
become unavoidable, regardless of the maintenance
of acceptable risk levels (Dekker, 2014). Furthermore,
the occurrence of a harmful event may provide a
signal that a priori probabilities were estimated too
optimistically (Hopkins 2012), or that the organisation
might, over time, have outweighed productivity and
efficiency at the expense of safety (Karanikas, 2015).
Alternative views on safety
Weick & Sutcliffe (2001) define safety as “a
dynamic non-event”. The authors stress that safety
is recognised by the absence of harm (in other words,
something bad is not happening) in a constantly
changing context. This means that safety is actually
defined through non-safety. Various authors
(e.g., Dekker et al., 2011; Cilliers, 1998; Dekker, 2011;
and Leveson, 2011) view safety as emergent behaviour or a property of complex systems. In this
approach, safety is a product of complex interactions
that can be explained after an event, but their effects
on normal operations are not fully understood before
the event (Snowden & Boone, 2007). Lofquist (2010)
addressed the need to consider interactivity within
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socio-technical systems when measuring safety.
Hollnagel (2014) introduced the concept of Safety-II,
in which safety is defined as “ a system’s ability to
succeed under varying conditions, so that the
number of intended and acceptable outcomes is as
high as possible”. Hollnagel stresses that both desired and unwanted outcomes derive from the same
human and system behaviours (called performance
adjustments) and that the variability of outcomes is
a result of complex interactions of system elements
rather than failures of single components. Based
on similar thinking, Grote (2012) concluded that
contingencies need to be part of safety management
activities so the system will be able to respond successfully to variances and disturbances. Perrin (2014)
proposed the use of success-based metrics in safety
assessment.
3.2 Safety performance metrics
Safety management approaches the activities and
processes for achieving safety goals systematically.
They can be interpreted as a set of organisational controls for safety (Wahlström & Rollenhagen 2014). The
SMS safety assurance pillar prescribes the monitoring
of safety indicators and the assessment of safety performance. This means that appropriate targets need
to be set for safety performance indicators within the
SMS framework (Holt 2014). According to ICAO (2018),
safety performance is “a State or a service provider’s
safety achievement as defined by its safety performance targets and safety performance indicators”.
A safety performance indicator is “a data-based
parameter used for monitoring and assessing safety
performance”. Lastly, a safety performance target is
“the planned or intended objective for safety performance indicator(s) over a given period”.
ICAO (2018) describes indicators at two levels:
• T
 he State level, which monitors its safety
indicators.
• T
 he individual service provider level, that monitors
safety performance indicators as part of its SMS.
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Another distinction is made within the SMS between:
• H
 igh consequence indicators, which are based
on accidents and serious incidents (e.g., an air
operator’s monthly serious incident rate in their
individual fleet).
• L
 ow consequence indicators, which are based
on activities and incidents (e.g., a voluntary
hazard report rate per operational personnel
per quarter).
In aviation, accidents are defined as “events associated with the operation of an aircraft [...] in which
a person is fatally or seriously injured [...], the aircraft sustains damage or structural failure [...], or the
aircraft is missing or is completely inaccessible” (EC
2014). The European Commission (EC 2014) also
considers an accident as the occurrence of “any
safety-related event which endangers (or which
could endanger, if not corrected or addressed) an
aircraft, its occupants or any other person”.
The safety performance assessment tool created by
the Safety Management International Collaboration
Group (SMICG) divides metrics into three tiers:
• T
 ier 1 metrics measure the outcomes of the whole
civil aviation system.
• T
 ier 2 indicators depict the safety management
performance of operators.
• T
 ier 3 metrics address the activities of the
regulator (SMICG, 2014).
Safety performance indicators should have an alert
level (i.e., a limit of what is acceptable). They should
also help to monitor existing and developing risks,
and to implement mitigation measures (ICAO 2018).
Conducted this way, safety management allows a
performance-based approach which can create more
flexibility for its users as they strive to achieve safety
goals in addition to compliance. In this capacity,
safety performance indicators might have up to

three functions within safety management: monitoring the state of a system, deciding when and where
to take actions, and motivating people to do so (EUROCONTROL, 2009; Hale, 2009). Their establishment
may also foster motivation towards safety (Hale et
al., 2010). Furthermore, safety management is often
linked to safety culture (e.g., Stolzer et al., 2008),
even though there is no common definition of safety
culture in the literature (Guldenmund, 2007). The
European Union’s Single European Sky Performance
Scheme adds the assessment of Just Culture within
an organisation as a safety indicator (EUROCONTROL, 2009).
3.3 Leading or lagging indicators?
Safety performance indicators are classified as
“lagging” or “leading” in much of the professional
and some of the scientific literature. Grabowski et
al. (2007) state: “Leading indicators, one type of
accident precursor, are conditions, events or
measures that precede an undesirable event and
that have some value in predicting the arrival of the
event, whether it is an accident, incident, near miss,
or undesirable safety state. […] Lagging indicators,
in contrast, are measures of a system that are
taken after events, which measure outcomes and
occurrences”. According to SMICG (2013) lagging
indicators are indeed safety outcome metrics since
they measure safety events that have already
occurred, whereas leading indicators can be used
to prioritise safety management activities and
determine actions for safety improvement.
Harms-Ringdahl (2009) proposed the use of the
terms ‘activity and outcome indicators’ to correspond with leading and lagging indicators. In terms
of leading indicators, Reiman & Pietikäinen (2012)
make a distinction between those that are ‘driving’
and those that are ‘monitoring’. Driving indicators
facilitate aspects within the system and they
measure safety management activities (e.g.,
independent safety reviews and audits that are
carried out regularly and proactively). Monitoring
indicators measure the results of driving indicators
(e.g., the findings from external audits concerning
hazards that have not been perceived by personnel/
management previously). ICAO (2018) distinguishes

between reactive, proactive and predictive
analysis.
From a safety process perspective, Erikson (2009)
suggests that leading indicators are seen as inputs,
while lagging indicators are viewed as outputs.
Therefore, all indicators might be characterized as
both leading and lagging depending on their place
in the process. Øien et al. (2011a; 2011b) define both
risk and safety indicators as leading indicators:
• R
 isk indicators are metrics based on – and tied to –
the risk model used for assessing the level of
safety, and they measure variations of risk levels.
• S
 afety indicators do not need to refer to an underlying risk model, and can stem from approaches
that are resilience-based (e.g., Woods, 2006),
incident-based, or performance-based. However,
they should still be measurable.
In an attempt to create a more elaborate classification
than simply leading and lagging, Hinze et al. (2013)
suggest a distinction between passive and active
leading indicators:
• P
 assive leading indicators address the state of
safety in the long term or on a macro scale (e.g.,
a requirement that each subcontractor submit a
site-specific safety program that must be approved
prior to the performance of any work by that
subcontractor).
• A
 ctive leading indicators represent safety in the
short term (e.g., the percent of jobsite pre-task
planning meetings attended by jobsite supervisors/
managers, the number of close calls reported per
200,000 hours of exposure, etc.).
Hale (2009) addresses the confusion about leading
and lagging indicators, and attributes it to variances
in: (1) the ‘degree’ of leading, (2) a compression of
the temporal dimension, and (3) the categorisation
of causal factors (e.g., unsafe acts, unsafe conditions,
etc.). Therefore, as Hinze et al. (2013) recognize,
multiple terms are used for leading and lagging
indicators.
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3.4 Safety process metrics
Accidents and occurrences are sparse compared to
the amount of operational activities. This makes it
difficult to monitor safety performance variations
and distance of operations from unacceptable risks
in a timely way (Espig, 2013; O’Connor et al., 2011).
According to Espig (2013), “…[we] need measures of
our performance based on how we deliver a safe
service, day-in, day-out, to inform us of our performance variation and our ‘distance’ from the incident”.
Therefore, other types of metrics have been suggested as proxies for safety performance (Wreathall,
2009). These metrics offer indirect indications of
safety performance and can be used as early warnings of accidents (Øien et al., 2011a). In this report,
we refer to them as safety process metrics to
distinguish them from safety outcome metrics.
The causality between process and outcome is
presumed and indirect. As stated by Reiman and
Pietikäinen (2011), “The fact that the selection and use
of safety performance indicators is always based on a
certain understanding (a model) of the sociotechnical
system and safety is often forgotten.” This has long
been recognized in management accounting, where
Tableaux de Bord were introduced in the 1930s and
Balanced Scorecards in the 1990s (Bessire & Baker,
2005; Epstein & Manzoni, 1998). Both of these artefacts aim to create a single document (a ‘dashboard’)
that contains a series of indicators providing a complete view of the company’s performance. They translate the unit’s vision and mission into a set of objectives, from which the unit identifies its Key Success
Factors (KSFs). These KSFs are then translated into
a series of quantitative Key Performance Indicators
(KPIs). Importantly, “…the selection process [of KPIs]
should be a conscious, deductive effort starting from
the objectives the firm is trying to achieve and the
critical means that will get it there. This process often
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results in the selection of performance indicators
that are not currently available, and for which a data
collection process must be developed” (Epstein &
Manzoni, 1998). Not surprisingly, there is only anecdotal evidence for the relationship between current
safety management metrics and safety performance.
The predictive power or validity of safety process metrics must be demonstrated through empirical evidence
or inferred through credible reasoning (Wreathall,
2009). However, there is limited scientific evidence for
the relationship between safety outcome metrics and
safety process metrics (Reiman & Pietikäinen, 2012).
Therefore, the validity of process metrics is mostly dependent on credible reasoning, which often reflects the
application of specific safety models (Wreathall, 2009).
The literature describes three types of safety models:

3.5 Quality of metrics
Various authors mention quality criteria for indicators.
They discuss the fact that it is difficult to develop
indicators that fulfil all requirements, and that, in
practice, even judging the extent to which a metric
meets each criterion can be challenging (Hale, 2009;
Hinze et al., 2013; Podgórski, 2015; Sinelnikov et al.,
2015; Webb, 2009; Øien et al., 2011a, 2011b; and
Rockwell, 1959). The following list summarizes the
quality criteria, which are:

• What indicator targets to measure.
• T
 he context and area to which the indicator belongs (e.g., the size of the company, and the type
of activities such as air operations, maintenance,
ground services, air traffic management, etc.).

• Based on a thorough theoretical framework.

• T
 he types of hard and/or soft data required and
how to quantify the latter.

• Specific in terms of what is measured.

• C
 ontrol limits for monitoring the calculated values.

• Measurable, to permit statistical calculations.

• T
 he laws, rules and other requirements the
indicator might fulfil.

• S
 ingle (root) cause models, such as the ‘Domino’
model. They suggest that a triggering event sets
a causal sequence in motion that leads to a
harmful event (e.g., Heinrich et al., 1980).

• V
 alid (i.e., they are a meaningful representation
of what is measured).

• M
 ultiple cause models, such as the ‘Swiss cheese’
model (Reason, 1990). These differentiate between
active failures (i.e., actions and inactions) and latent
conditions (i.e., individual, interpersonal, environmental, supervisory and organisational factors
present before the accident) that jointly lead to a
harmful event. The use of defences to counteract
possible failures is common across these types
of models, and include the bow-tie (e.g., Boishu,
2014), Threat & Error Management (e.g., Maurino,
2005) and Tripod (e.g., Kjellen, 2000).

• M
 anageable and practical (i.e., they provide
understandable metrics to the people who will
use them).

• S
 ystemic models such as STAMP (Leveson, 2011),
FRAM (Hollnagel, 2012) and Accimap (e.g., Rasmussen, 1997). These focus on component interactions
rather than single component failures in a dynamic, variable and interactive operational context.

Saracino et al. (2015) and Tump (2014) suggest that
metrics are more useful when their purpose and
context are clear, by considering:

• Immune to manipulation.

• R
 eliable, to ensure minimum measurement
variability under similar conditions.
• Sensitive to changes in conditions.
• C
 ost-effective, and consider the required
resources.

3.6 Discussion
Following a review of the literature and industry practice, we noted that the definition of ISO limits the idea
of safety to a lack of “physical injury or damage to the
health of people”, either directly, or indirectly incurred
through damage to property or the environment.
ICAO, on the other hand, adds any type of damage as
non-safety. ICAO also views safety as a state in which
acceptable risk levels have been achieved “through a
continuing process of hazard identification and safety
risk management”. This implies that safety is a state
that needs to be maintained through a risk management process such as the one introduced in SMS. The
relationship between risk (i.e., the probability and
severity of harm) and safety (i.e., the level of risk)
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means that a system may be in an unsafe state even
though no visible harm (i.e., accidents) has been
experienced. The opposite is also true – a system
can be considered safe even though harm has been
experienced, because the overall risk level might still
at an acceptable level. This approach actually matches state-of-the-art thinking about complex systems,
which suggests that continuous control loops and
monitoring are required to maintain a system within
predefined safety boundaries. However, despite
newer views of safety (e.g., the emergent property
of complex systems) and the development of modern
safety models (e.g., STAMP, FRAM, etc.), industry
predominantly recognizes the long-established view
of multiple cause models and the idea of safety as a
risk of harm.
An exclusive use of existing safety outcome metrics
(accidents and incident data) is insufficient for monitoring safety performance. This is because there are
few accidents, and hazards do not always lead to
losses. There is also a need to consider the interconnectivity of socio-technical systems. Therefore,
safety process metrics are required to complement
safety outcome metrics. To date, however, there has
been no empirical evidence about how the respective proxies relate to safety outcomes. Latent factors
depicted by multiple cause models might serve as
proxies. These proxies might be enriched by engaging
a systemic model of safety. In any case, the need for

16

safety metrics (both safety outcome metrics and
safety process metrics) has become paramount due
to the introduction of performance-based safety
management in aviation.
The review also revealed that many terminologies
are available for classifying safety performance
indicators. For instance, the terms ‘leading’ and
‘lagging’ are widely used. However, the difference in
views about what leading and lagging actually mean
makes this distinction unsuitable for practical purposes. We use the terms safety outcome metrics and safety process metrics in the scope of this research project.
Our review also identified a plethora of safety metrics
proposed by academia and international or regional
agencies and authorities, and/or applied by industry.
The initial unfiltered list included more than 600 metrics categorised into those that referred to documented data analysis, and those that required the collection of data through surveys (e.g., for the assessment
of safety culture). Following the exclusion of identical
and overlapping metrics in the first category, about
160 metrics based on raw or hard data remained
in the list. The safety culture assessments were included in one category due to the high diversity of
approaches and instruments. In addition, due to
the large numbers of metrics based on documented
data, we categorised them based on the area of
measurement.

4

R
 ESULTS FROM SURVEYS ABOUT EXISTING AVIATION SAFETY METRICS

This section presents the results from surveys
conducted to explore the extent to which the f
indings from the literature review are reflected in
the practice of aviation companies. We examined:
1. W
 hat, how and why certain safety metrics are
used, and
2.

W
 hether a monotonic relationship between SMS
process and safety outcomes metrics is evident.

At this stage of the research, we did not focus on
safety processes on the work floor (i.e., how safety
management is actually practiced). Our aim was to
evaluate whether SMS processes are linked to safety
outcomes.
4.1 Sample and ethics
The research team interviewed safety managers
and professionals from thirteen European aviation
companies, and also collected numerical data. Companies were represented by one to three safety staff
members who spoke on behalf of their company.
Large companies were represented by safety department personnel (e.g., a safety manager or safety
specialist). Small companies were represented by
their safety manager. Out of the 13 companies, seven
were large (i.e., more than 250 employees) and six
companies fell under the category of SME (i.e., less
than 250 people). The participating companies were
distributed across four domains: Flight Operators (7),
Air Navigation Service Providers, or ANSPs (2), Ground
Service Providers (1) and Maintenance, Repair and
Overhaul Service Providers (3). All 13 companies took
part in the interviews, and ten provided numerical
data. All data collected during the surveys were
treated as strictly confidential. This report only
includes anonymised information and data.

tions between operational activity, demographics
and SMS process data with outcomes.
The creation of the list of data fields was based on
metrics from the literature (see the previous chapter).
We requested data in the following areas:
• O
 perational activity figures (e.g., number of
departures and miles flown).
• D
 emographic data fields (e.g., the number of
staff and the number of aircraft).
• S
 afety outcomes (e.g., safety events in total and
the number of occurrences, incidents, serious
incidents and accidents).
• S
 MS processes (e.g., hazard identification and
SMS documentation updates) from up to ten
years in the past.
Seven companies provided enough quality data to
allow us to perform statistical tests.
All available pairs (i.e., Operational Activities –
Outcomes, Demographics – Outcomes and SMS
processes – Outcomes, etc.) were tested as a
means to examine all relationships, regardless of their
reference in the literature. Because of the limited
sample size, we tested all data with non-parametric
correlations. Spearman’s coefficient was chosen to
explore any monotonic relations of operational
activity figures, demographic data and SMS process
metrics with safety outcome metrics.
The quantitative data analysis did not reveal any
monotonic relationships between operational activity
figures, demographic data and SMS process metrics
with safety outcome metrics.

4.2 Collection and analysis of quantitative data

4.3 Results from qualitative data analysis

We asked the companies to provide data in the form
of a data-sheet. This allowed us to identify associa-

Risk assessment and safety metrics
All companies use compliance monitoring. This
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finding is based on the results of internal and/or external audits that check whether the companies follow
standards, legislation, rules, procedures, etc. However, one company honestly acknowledged that the
value of an audit might be limited because “during
an audit everybody puts on their best show, and after
the inspectors leave, everybody goes back to normal
work”.
Large companies mainly use operational data for
their risk assessment. Small service providers do
not always have the technical capabilities needed
to provide this type of data. Furthermore, they are
not always required to collect and analyse this data
due to the size of their aircraft. Flight Data Monitoring (FDM) requires regular downloads of flight data
from the aircraft, so that analysts can retrofit predetermined combinations of monitored parameters
in a database/computer and observe changes over
time across routes, aircraft types, etc. Flight data
can be downloaded in real time, although this does
depend on the available technology of the aircraft
and/or air operator. The same concept applies to
the Air Navigation Service Providers Data Monitoring programs that record radar data and radio
transmissions.
Three out of the 13 companies use a form of Line
Operations Safety Audit (LOSA) as input to their risk
assessment. In LOSAs, trained observers evaluate
staff during normal activities. The auditors identify
hazards and threats that could cause negative safety
outcomes, they observe the responses of the operators, and they provide feedback to employees and
the organisation as a means to continuously improve
safety. LOSAs are therefore internal means of compliance, and can detect deviations along with their context. In this way, they are different from formal SMS
and operational audits conducted by safety assurance
staff, authorities, insurance companies, etc.
The two ANSPs assess their SMS regularly with the
use of a maturity score, which is a self-scoring method
introduced by Eurocontrol (2009).
One company uses feedback from safety training as
input to its risk assessment. Here, experiences shared
between the instructors and the trainees are used as
an information source for the SMS process.
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All companies have a system in place for employees
to report any safety-related case. However, interviews
indicated that formal reporting systems are not
consistently used in small companies. Instead,
‘coffee table talks’ among employees serve as the
main source of relevant information. However, large
companies see reporting as a valuable resource for
their SMS. The use of such a reporting system varies
and can be divided into three areas:
• T
 he identification of hazards.
• T
 he contextualisation of certain situations. For
example, when an FDM event is triggered, a
voluntary report may be used to add more
context to the situation so that the event can
be better understood.
• A
 n indication of safety culture levels. High
numbers of voluntary reports are interpreted as
active interest among employees to disclose what
is happening in the operational field, as well as a
confirmation of the company’s ‘just’ culture.
All of the companies we interviewed monitor safety
outcomes such as occurrences, (serious) incidents
and accidents. However, the participants did admit
that the lack of clarity and specific thresholds in the
definitions used in current aviation standards and
regulations can result in different interpretations
across and within companies.
All companies look for trends in their data over time,
such as FDM events, hazards from safety reporting
and safety outcomes. Monitoring intervals differ –
some small companies look at and discuss their
numbers annually, while larger companies look at
trends monthly. However, none of the companies
reported the establishment of predetermined alert
limits in the monitoring of trends. Trends are therefore evaluated in a qualitative manner – if a trend is
recognized, the company might act (or not) without
reference to predefined limits.
Eleven of the companies assess risk with the use of
a likelihood-severity matrix. Companies assess the
probability and severity of this risk based on past
cases inside and outside the company, or based on
expert judgment when this type of data is not avail-

able or is unreliable. The resulting risk level determines urgency and priority, which management
might reprioritise based on their views or additional
contextual information. Finally, unacceptable risks
must be mitigated. In addition to this common
practice, the information collected during the interviews showed that nine companies use a 5x5 matrix,
whereas the two ANSPs use their own 6x5 design
with an additional row/column for undefined/nonassessed risks. Two out of the three MRO companies
did not explicitly state that they used this type of
matrix. One air operator stated that the current risk
assessment method is completely arbitrary, because
the results are highly dependent on the expert who
happens to be available to assess the risk(s). One
small company felt unsure about the use of its risk
matrix due to a lack of data that made probability
and severity estimations difficult. This same company
mentioned that they are interested in a more objective way to assess risks, and to be able to compare
their assessments with those from similar companies.
Criteria for safety metrics development
Companies that have established safety metrics are
guided by standards (e.g., the ICAO Safety Management Manual), their own professional knowledge,
and/or shared industry practices. Three of the large
companies try to “measure everything that can be
measured” by using all data generated by their systems. One small MRO stated that they have not established safety metrics and do not use numerical figures
for their risk management. Instead, they assess their
safety management in a qualitative manner. One company uses metrics based on a trial and error approach.
They look for metrics that are relevant to the process
concerned and collect the respective data. If the metrics seem suitable, they are maintained and tracked.
Otherwise, they are replaced with new ones. However,
they did not state their criteria for the suitability of
these metrics. In the same vein, another company acknowledged that they do not have a solid list of safety
metrics, and that their safety metrics change over time.
Three companies mentioned SMART criteria (Specific,
Measurable, Agreed/Achievable, Relevant and Timebound). The company that does not use safety metrics
stated that they would use SMART criteria if they were
to measure their safety performance.

An evaluation of safety metrics against the criteria
found in the literature (described in the previous
chapter) indicated the following:
• T
 here is no explicit theoretical framework
supporting the metrics.
• M
 ost of the metrics are specific and measurable.
However, these characteristics depend on the
instrument used for the data collection and the
interpretation of the data analysis results.
• T
 he validity of the metrics is only partially met, due
to factors such as the lack of a systemic approach,
subjective implementation of the respective tools
and ambiguous definitions.
• N
 o metric is completely immune to manipulation.
• T
 he practicality and cost-effectiveness of the
metrics is dependent on the amount and nature
of the data collected and analysed, in relation to
the available resources.
• T
 he reliability of the metrics is not guaranteed
due to the subjective evaluations that are
necessary for most of them.
• T
 he frequency/periodicity of monitoring is the
main factor influencing the sensitivity of metrics
to changing conditions
Safety culture and models
Nine companies mentioned the importance of culture. They referred to one or more types of culture,
such as a ‘just’ culture, a ‘safety’ culture or a ‘reporting’
culture. However, none of the companies measure
their culture consistently. Only one ANSP occasionally
assesses their safety culture, but this is not seen as a
regular safety metric by the company. The companies
think about safety mainly with a sequential and direct
cause-effect approach. Only three large companies
use both systemic and sequential models to analyse
incidents and accidents. However, the choice of
model depends on the resources available; sequential
models are easier and less costly to apply than
systemic models.
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5

DISCUSSION

5.1 H
 ow do the companies perform risk
management?
All companies that are obliged to implement an SMS
follow the risk cycle included in the ICAO’s Safety
Management Manual and, consequently, use risk matrices for risk assessment. However, some companies
recognisethat the specific risk assessment method is
not adequately objective. If there is a lack of reliable
historical data, the estimation of the probability and
severity of an occurrence is initially performed by a
person who, expectedly, is subject to bias. This is acknowledged by few companies. But it is confirmed in
the literature (Duijm, 2015; Hubbard et al., 2010) and
supported by empirical research (e.g., Karanikas &
Kasper, 2016). Guidance to limit the effect of bias also
exists (e.g., Cooke & Goossens, 2000).
SMEs acknowledge a lack of confidence in the risk
acceptability criteria in their risk matrices, given the fact
that uniformity and standardization in this area does
not exist in the aviation industry. On the one hand,
standards allow companies to tailor their risk matrices
based on their operations. On the other hand, little
guidance is provided about methods for developing
and using such matrices. This leads to a wide variety
of methods and measurements accompanied by their
own definitions. This also does not enable safety risk
benchmarking among companies. For instance, an
event for a large company might just be a minor incident in terms of financial implications. However, the
same occurrence might be more severe for an SME
due to smaller financial yields.
5.2 W
 hat types of safety metrics do companies
use and are they comparable?
Companies use both SMS/safety process and outcome metrics within their safety management frameworks. Process data are only used to improve safety
outcomes, and are not exploited to assess whether
individual SMS and safety management processes
perform adequately in general. Companies use their
safety metrics as sources to identify hazards that are
further subject to risk management.
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All companies collect data about compliance,
reporting, outcomes and trends. The results from
the survey suggest that:
• R
 eporting seems to be more formalised at large
companies. This may be driven by the need to
streamline the dataflow. It may also be easier
for SMEs to share this type of information. For
instance, they may frequently share stories on
coffee breaks rather than report them through
formal channels. Regardless of company size,
reporting is highly dependent on perceptions
about what information is worth sharing; small,
inevitable and normalised deviations might not
be reported.
• S
 MEs have limited access to operational data due
to the constraints of available aircraft technology
and company resources for analysis, in combination with the expected volume of data to be
processed.
• L
 arge companies look for trends over time in a
more systemic manner, and at more regular and
smaller intervals than SMEs. This can be attributed
to differences in available resources, the volume
of operations, and staffing levels within safety
departments.
• L
 arge companies generally have more data about
safety outcomes in terms of raw numbers. However, they do not consistently connect and maintain SMS data for use in their safety metrics. It has
therefore proved to be cumbersome to identify
the requested data from the research team in their
systems. For instance, a pilot’s experience might be
recorded by the human resources department, but
not by the safety department). SMEs also have a
limited number of safety events compared to large
companies, and they do not directly associate SMS
activities with metrics. However, due to the limited
volume of activities compared to large companies,
it was easier for safety managers and staff at SMEs
to fill the datasheet fields requested by the
researchers.

Companies expect and assume a relationship between safety processes and outcomes, and compare
safety process and outcome metrics with past figures.
Companies also actively seek ways to improve. For
example, they can monitor changes in the numbers
of voluntary reports, safety events and FDM events of
a specific aircraft type. Nonetheless, companies have
not established any upper and lower control limits for
their safety metrics, even though the ICAO’s Safety
Management Manual requires them to set goals and
alert levels to monitor their safety performance.
Moreover, safety metrics can be used both proactively
and reactively. They use voluntary reports on a caseby-case basis to investigate reported occurrences and
to derive lessons for the future (a reactive approach).
Only one company stated that they use voluntary
reporting proactively as a means to identify the
safety concerns of employees and whether they
actively participate in an SMS. However, the value of
reporting as a safety metric is debatable; an increased
number of reports might indicate that staff members
trust the company, or that the number of occurrences
is increasing.
The metrics used do not allow valid comparisons
between companies. First, safety metrics depend
on the data collected by each company – they are
not based on a common standard in terms of data
sampling, collection, format, validity and reliability.
The ratios of safety events (especially those of
medium and low severity) cannot be directly compared across and within companies due to different
severity thresholds. This type of context can also
affect the points of view of the air operator, the
flight crew and the air traffic controller. Each group
may classify the same event differently based on
how it affects their own ‘process/subsystem’. Moreover, each company implements SMS in a different
way and develops the respective processes according
to their operational profile, needs, resources, size,
and so on. For example, all companies provide safety
training to their staff, but the duration, extent and list
of topics and the quality of training might vary. Therefore, even if a standardised safety training metric is in
place (e.g., the percentage of employees successfully
completing safety courses, the number of hours spent
on safety training per staff member annually, etc.),
it would be difficult to compare the results among

companies due to the variety of training programs,
the qualifications of instructors, etc.
5.3 D
 o the safety metrics used by the companies
adhere to the quality criteria mentioned in
the literature?
In general, companies have a rationale behind the
development of their safety metrics. However, it is
not grounded on the entire set of quality criteria
suggested in the literature (see Chapter 3). Instead,
the companies follow a pragmatic approach to the
indicators used in their SMS. These mainly stem from
practice and expert judgment; as soon as metrics
seem meaningful to a company, they are maintained
and monitored. Among the criteria suggested in the
literature, ‘measurable’ was mentioned most often.
The ‘trial and error’ approach may indicate that metrics have limited validity. Without predetermined
criteria, service providers judge the quality of their
current metrics based on expectations and common
practice. Also, the criterion for sensitivity to changes
in conditions cannot be ensured with existing safety
outcomes, because events are not completely repeatable under the dynamic nature of operations.
Few companies mentioned SMART criteria (Doran,
1981) for safety performance metrics. However, these
metrics were originally developed to describe the
planning and achievement of management goals.
This might indicate that companies are focusing on
realising their objectives rather than examining the
rigorousness of their metrics. In general, the results
suggest that no current safety metric fulfils all of the
criteria identified in the literature. Few criteria are
partially or fully met by current safety metrics (e.g.,
specific, measurable, etc.) and some metrics depend
on company resources and measurement instruments. The researchers were not able to trace a
specific theoretical framework behind each metric,
and it seems that various criteria (e.g., validity,
sensitivity to changing conditions, manipulation, etc.)
were not met in most of the cases.
5.4 How is safety culture seen in an SMS?
Although the companies mention culture as an
important element for determining the level of
safety, none of the companies measure culture
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with a predetermined periodicity. The level of safety
culture is indirectly indicated through the participation and response of staff to SMS initiatives. For
example, safety culture might be measured by comparing FDM triggers with the number of corresponding voluntary reports. Sometimes, a safety manager’s
own perception about the willingness of employees to
talk openly is used as a measure of a mature
safety culture. While this can provide some indication
of the culture, it can also be subject to bias. More consistent methods and tools are needed to assess culture. This means that companies are not attempting
to measure something that they consider a significant
part of their safety management process. In addition,
companies mostly mentioned two types of culture:
‘reporting’ and ‘just’ cultures. Other types of cultures
(e.g., flexible, informative and learning cultures
according to the typology of James Reason [1998])
were not mentioned.
5.5 W
 hat are the safety paradigms used in
practice?
The metrics used by the companies suggest a primary
focus on negative outcomes, or situations that deviate
from normal operations. This indicates that industry
practice is based on traditional views of safety, which
is expected since the guidance material from the ICAO
(2018) refers to sequential models such as Reasons’
Swiss cheese model (Reason, 1990). However, the
companies do recognisethat current metrics are not
sufficient, and that compliance alone is not safety.
The companies also mentioned that they are looking
for better metrics to measure safety; some companies
are looking for improved versions of the metrics they
currently use, and ideas about metrics from other
safety paradigms.
Only three companies mentioned the use of systemic
models for assessing their safety. The low consideration of newer safety models might be attributed to
a lack of analytical tools that accompany these types
of models, or to their complexity. At the same time,
the companies that know about these models have
not yet been able to define practical and manageable
indicators that fit the reasoning of the models.
Companies also see some limitations of the newer
safety approaches. For example, companies connect
Safety II with the measurement of successes.
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This requires the collection of much more operational data, which renders safety-related measurements
less practical and costlier compared to traditional
metrics. Since concepts such as Safety II have not
yet been put into practice, concerns about costs and
practicality remain assumptions.
5.6 I s there a monotonic relationship between
SMS process and safety outcomes?
The information provided by the companies participating in this research offers no proof that all SMS
processes have an effect on safety outcomes. In fact,
we found no significant associations between SMS
processes and safety outcomes. The diverse ways
that SMS processes are implemented across industry
and over time – and the different interpretations of
outcome thresholds – also affected the results. These
factors did not allow completely valid comparisons
within and between companies.
5.7 A
 re demographic and operational activity
figures representative of risk exposure?
The results do not suggest a consistent picture
within companies. The limited sample size and
the different interpretations of outcome thresholds
did not allow completely valid comparisons within
each company.

• A
 ccidents and incidents are infrequent events,
especially at small companies, and cannot constitute reliable measurements of safety
performance.
• C
 ompanies do not use predefined quality
criteria for the design of their safety metrics.
Each company uses metrics that are specifically
tailored to their organisation in terms of the type
of operations and the availability of data.
• T
 raditional approaches are used for safety
management, and most companies follow
sequential models such as the Swiss cheese model
and the bow-tie method. Few companies explore
newer methods and approaches to safety based
on systemic models.
• C
 ompanies recognisethat better indicators will
be necessary in the future. There are also concerns
about the feasibility of establishing metrics of high
quality in the future.
• S
 afety culture is seen as an important part of
safety management.

On the other hand, the research revealed that:
• C
 urrent safety metrics are not grounded on sound
theoretical frameworks and, in general, do not
fulfil the quality criteria proposed in the literature.
• S
 afety culture is not a consistent part of safety
metrics.
• T
 he companies collect data related to their SMS
processes, but these data are not associated with
SMS metrics. Therefore, some of the processes
are performed but not measured.
• C
 ompanies use different data depending on their
own perceptions, implicit or explicit safety models,
and available resources.
• S
 MS assessment is still based on a compliance-based approach, whereas standards require
the transition to a performance-based evaluation.
• F
 ew, diverse and occasionally contradictory correlations were found between SMS process and
outcome metrics.

5.8 C
 onclusions
The results of the analysis of qualitative data partially
verified the findings from the literature review (see
Chapter 3). On the one hand, we confirmed that:
• S
 afety is managed through the risk management
cycle described in standards, and companies
acknowledge the limitations of current risk
assessment techniques.
• T
 he safety data collected by the companies
retrofit the risk assessment and safety assurance
processes.
• S
 afety outcomes are used as a measurement
of safety performance.
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6

CONCEPTS FOR ALTERNATIVE SAFETY METRICS

Based on industry demands, the results of the literature review and the surveys on existing practices, the
research team considered several concepts for alternative metrics. The primary philosophy in the identification of these concepts was the viewpoint that
safety performance is negatively affected by the gaps
between what must be done (e.g., regulations, standards, procedures, etc.) and what is actually done
(e.g., practices on the work floor). This usually occurs
because it is impossible for prescribed rules and
standards to fully capture the dynamic conditions at
the work floor level. Traditionally, Work-as-Imagined
(Wal) is seen as the reference to which Work-as-Done
(WaD) must comply (Hollnagel, E., 2017). However,
Wal might also include unsafe situations. This
becomes apparent when prescribed tasks are implemented in practice, while WaD sometimes
corrects unsafe situations and improves safety
performance. To date, external and internal audits,
inspections, observations and techniques such as
the Line Operations Safety Audits (LOSAs) are used
to identify the gaps between standards/established
procedures and actual deliverables (i.e., tasks and
their results). However, the corresponding tools
to do this have not been scientifically validated
(Kaspers et al., 2016a; 2016b).
To develop new safety metrics, the researchers
initially reviewed relevant literature to identify how
to depict and quantify Wal-WaD gaps. The following
sections describe the safety concepts perceived as
suitable to be operationalised through metrics (see
section 6.1) and those not addressed by the researchers (see section 6.2). The primary criteria for the
inclusion/exclusion of concepts in the research was
their potential to be practical (not requiring a vast
amount of resources and operational data), scalable
(applicable to SMEs of various sizes and activity types)
and comprehensible (not requiring in-depth knowledge of the underlying theoretical foundations).
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6.1 Concepts included
SMS assessment (see Chapter 7)
Industry has recognized the need to move from
a compliance-driven assessment of SMS to a
performance-based evaluation scheme (ICAO, 2018;
EASA, 2014). Tools such as the Safety Management
System Evaluation Tool developed by the Safety
Management International Collaboration Group
(SMICG, 2012) and the EASA’s Management System
Assessment Tool (2017) have been introduced to
support the transition from a compliance-based
approach to a performance-based approach. However, they include subjective measurement scales and
do not address the connections and dependencies
of SMS processes (Karanikas, 2016). These tools do
represent the transition from merely checking the
existence of SMS elements and processes to considering the sufficiency of their output and indicating
necessary improvements. But they do not address
the interlinks between SMS activities. The researchers
noted that filling this gap would offer industry a more
meaningful way to assess their SMS performance
and detect their distance from optimum/ideal
performance.
Safety culture prerequisites (see Chapter 8)
Safety culture has long been a discussion topic in
academia and industry. However, as Kaspers et al.
(2016a) identified, there has been little consensus
about whether safety culture reflects the way an
SMS is operated or the effects of SMS on safety
performance. At the same time, safety culture is
not consistently assessed within organisations
(Kaspers et al., 2016b, 2016c). Following research
at a nuclear power plant, the Aviation Academy at the
Amsterdam University of Applied Sciences suggested a framework for the necessary prerequisites for
developing a safety culture (Karanikas et al., 2015).
This framework is based on academic literature and

industry standards, follows Reason’s (1998) typology
of safety culture, and subdivides safety culture into 37
prerequisites across six areas (general prerequisites,
a just culture, a flexible culture, a reporting culture,
an informative culture and a learning culture). This
framework is considered suitable for demonstrating
the distance between ideal conditions (i.e., all prerequisites fully planned and implemented) and the
current situation within an organisation.
Effectiveness of risk controls (see Chapter 9)
The ICAO’s Safety Management Manual describes
safety management as a traditional risk management cycle and refers to the need to monitor the
effectiveness of risk control measures. Within a
proactive safety management framework, the
expected effects of risk controls on safety outcomes
are currently subject to expert judgment, which in
turn is subject to bias and randomness. This occurs
because industry guidelines do not describe corresponding metrics. Therefore, the goal of the
researchers was to design relevant metrics to be
used by companies in the evaluation of their risk
controls and the assessment of their distance from
optimum effectiveness levels.
Resource scarcity (see Chapter 10)
Rasmussen (1997) argued that economy, workload and
safety constitute the principal constraints of complex
systems. This concept has been embraced by industry
under the term ‘safety space’ (e.g., ICAO 2018). The
effects of resource scarcity on organisational drift was
discussed by Dekker (2011) and are linked to the
Efficiency-Thoroughness Trade-Offs (ETTO) principle
presented by Hollnagel (2009). This principle suggests
that people usually choose between being effective
and being thorough – it is rarely possible to be both
at the same time when available capacity is limited.
This means that the ETTO principle is actually connected to the resources employees have to execute their
activities and produce the desired outcome (Hollnagel,
2009). The researchers aimed to design indicators of
resource scarcity and depict the distance between
required and available resources.

System complexity and coupling (see Chapter 11)
Modern systems have become increasingly complex
due to the interconnections and dependencies of
system components – both human and technical.
System complexity and coupling have been viewed as
factors affecting safety performance, due to the limited ability to understand and control these systems, or
to react to unforeseeable situations (Hollnagel, 2012;
Leveson, 2011; Perrow, 1984). Various approaches
have been suggested for the operationalization and
measurement of complexity and coupling (e.g., Righi
& Saurin, 2015; Frost & Mo, 2014; Rouse & Serban,
2011; Yadav & Khan, 2011; Schöttl & Lindemann,
2015; Butkiewicz et al., 2011; Simic & Babic, 2015; and
Eurocontrol, 2004, 2006). The researchers aimed to
assess and combine the different perspectives to
produce a uniform complexity/coupling metric
applicable to the aviation industry, regardless of
activity domain. The researchers also thought that
the distance between expected complexity/coupling
and actual complexity would trigger organisational
actions to bring complexity to desired levels.
6.2 Concepts excluded
The researchers took their research objectives into
account (as well as the project timeline and the
research resources available) when deciding which
safety-related concepts not to examine. Although
the following topics could be of interest for future
research, the researchers did not look at:
• D
 ependency on initial conditions. Dekker (2011) and
Leveson (2011, 2015) discuss the importance of the
decisions and assumptions made during the design
of systems and the effects on performance over
time. However, the experience of the researchers
and informal discussions with partner organisations
indicates that these decisions and assumptions are
not always documented and/or known by companies,
and are difficult to obtain from system designers.
• Decrementalism. The drift of organisational performance due to small changes, which is typically
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judged against the success of the most recent
change and not the distance from the original
design, has been illustrated by Dekker (2011).
However, as discussed in the area of dependency
on initial conditions above, companies participating
in the research informed the research team that
this type of information is not directly available.
• U
 nruly technology. Various authors (e.g., Sarter et
al., 1997; Dekker, 2011; Chow et al., 2014) have
pointed out the fact that end-users do not always
fully understand how highly-automated systems
function (e.g., the type of data collected and analysed, the algorithms used, the connections between sub-systems and interdependencies, etc.).
These system operators are therefore not always
able to deal successfully with automation surprises. The variety of systems operated by aviation

companies, the different levels of automation of
equipment and systems, and the diverse set of
skills and knowledge across end-users all mean
that an operationalization of a relevant metric
was not feasible within the boundaries of this
research.
• Resilience. The introduction of resilience engineering into the field of safety (e.g., Nemeth &
Herrera, 2015; Costella et al., 2009) has not yet
been accompanied by research that quantifies
resilience abilities such as anticipation, monitoring, response and learning. As a result, quantifiable metrics have not been developed. A literature review indicates that the development of
resilient metrics would require separate research
– work that could not be undertaken during the
current project.

7

T
 HE AVAC-SMS METRIC FOR THE SELF-ASSESSMENT OF
AVIATION SAFETY MANAGEMENT SYSTEMS

A Safety Management System (SMS) aims to ensure
the safety of operations through the effective
management of safety risk. The four components
of SMS and their elements are (ICAO 2018):

operational (implemented) and effective (i.e., whether
they achieve the desired outcome and impact on
operations). A first examination of the EASA tool
indicates that:

• S
 afety Policy & Objectives, including the elements
of management commitment and responsibility,
safety accountabilities, the appointment of key
safety personnel, the coordination of emergency
response planning, and SMS documentation.

• E
 ach assessment topic includes several sub-topics
(i.e., multi-barrelled questions).

• S
 afety Risk Management, which consists of the
elements of hazard identification and safety risk
assessment and mitigation.

• T
 he operationalization and effectiveness of SMS
parts are assessed in a similar manner in different
cases.

• Safety Assurance, which consists of the elements of
safety performance monitoring and measurement,
the management of change, and continuous
improvement of the SMS.

• In general, effectiveness is examined in a nonsystematic way through indicative questions that
have been derived from past knowledge and
experience.

• S
 afety Promotion, which incorporates the elements
of training and education and safety communication.

The SMS tools currently used by the aviation industry
adhere to ICAO standards, and they do introduce
the transition from merely checking the existence
of SMS elements and processes to considering the
sufficiency of their output and indicating necessary
improvements. However, their development seems to
be founded more on brainstorming rather than on a
combination of needs with a systematic SMS analysis.
Also, the various interlinks between SMS activities
are not yet addressed – individual SMS parts are
principally assessed individually.

Industry has recognized the need to move from a
compliance-driven assessment of SMS to a performance-based evaluation scheme (ICAO, 2018; EASA,
2014). Tools such as the Safety Management System
Evaluation Tool developed by the Safety Management
International Collaboration Group (SMICG, 2012), and
Eurocontrol’s Effectiveness of Safety Management
(EoSM) instrument (Eurocontrol, 2012) have been
introduced to support the transition towards a performance-based approach. However, they include
vague measurement scales and do not address the
connections and dependencies of SMS processes
(Karanikas, 2016). The Management System Assessment Tool (EASA, 2017) is based on the SMICG
approach and Annex 19 of the International Civil
Aviation Organisation (ICAO, 2016). It is used to check
whether SMS parts are present (i.e., designed/documented); whether they are suitable for the size and
complexity of the organisation; and whether they are
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• T
 here is no guidance for the assessment of SMS
suitability.

The AVAC-SMS metric was designed for the self-assessment of aviation SMS. It is based on the concept that
safety performance will be negatively affected if the
SMS does not function according to standards and is
not effective to the extent expected. The metric incorporates a tool that is customizable to the size and complexity of the organisation (depending on the level of
SMS assessment detail) and includes distance scores.
The specific metric is not intended to replace the audit
instruments currently used by industry. However, it
does bring value compared to existing auditing tools.
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First, it is based on a systematic analysis of SMS according to the System-Theoretic Process Analysis (STPA).
Second, it introduces the assessment of SMS process
dependencies and includes three distinct areas:
• I nstitutionalisation, which relates to the design
and implementation of the SMS.
• Capability, which relates to the extent to which
managers have the capability to implement
the SMS.
• E
 ffectiveness, which relates to the extent to which
the SMS deliverables add value to the daily tasks
of employees.
7.1 Methodology
The STPA technique (Leveson, 2011) served as
the basis for the tool’s development. The particular
technique is founded in the System-Theoretic
Accident Model and Process (STAMP), which embraces systems theory and thinking. Systems theory
considers degraded system performance as a result
of uncontrolled interactions among system components, while system thinking aims to recognisethat
problems usually lie in the entire system, and not
just in individual component failures and behaviours.
STPA can be applied to existing systems or systems
in their concept phase. It can lead to the identification of design errors, unsafe interactions between
components, and complexity factors in human
decision-making, as well as the social, organisational
and management factors that contribute to poor
performance.
STPA starts with a preparation phase that establishes the foundation of system engineering. Here, the
analyst defines unwanted losses, system hazards
and constraints, and illustrates the basic hierarchical
control structure of the system. The control structures
indicate the responsible controllers, processes under
control, actions, feedback mechanisms, external
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information flow, and the set points that define the
objectives of the controllers. Each controller manages the process based on a set point, and through
necessary actions. In parallel, the controller receives
feedback from the process, as well as information
from other agents. This allows them to update their
process model, understand whether the process is
running as expected, and make any necessary adjustments. The approach minimises the gaps between
the WaI (the set point) and the WaD (system state and
process performance).
After the preparation phase described above, STPA
moves on to Step 1. During this step, the analyst
examines control actions that could lead to a
hazardous state if they are:
• Delivered when not appropriate.
• Not delivered when necessary.
• P
 erformed in the wrong order or mot timely
enough.
• Applied for too long or stopped too early.
The resulting list of Unsafe Control Actions (UCAs)
leads to the formulation of requirements for the c
ontroller as a means to maintain system performance
within the defined boundaries.
During Step 2, the analyst examines causes that
could lead to the performance of a UCA or render a
‘safe’ Control Action (CA) ineffective. Leveson (2011)
provides a list of keywords that assist the analyst in
detecting causal factors. Nevertheless, this step
requires expert judgment to arrive at a complete
list of causes. The STPA ends with the generation
of causal scenarios (paths through which a system
could fail). These scenarios consist of various combinations of causal factors that could lead to UCAs or
ineffective CAs, and against which the system must
be tested.

To develop the AVAC-SMS metric, the researchers
applied the STPA to aviation SMS as described by
the ICAO’s Safety Management Manual (2018). The
goal was to provide a tool for SMS assessment that
combined compliance and performance without
deviating from the vein of STPA and systems theory. The researchers felt that SMS could be assessed
based on the following reasoning:
• T
 he requirements generated from the UCAs reflect
the Institutionalisation of the SMS. They include
design and implementation factors that also
address SMS process and time dependencies.
• T
 he causal factors that could lead to UCAs can
be used by the organisation to search for reasons
that led to the detected UCAs.
• T
 he causes that might contribute to ineffective
CAs reflect capability factors in terms of running
the SMS activities, irrespective of the SMS’ Institutionalisation level. For instance, an SMS could be
correctly designed (and implemented according
to this design), but its deliverables might yet be
ineffective, and vice versa. A ‘low capability’ might
be a sign that a given SMS has not been suitably
designed and operated by an organisation.
• T
 he combination of the SMS’ Institutionalisation
and capability/suitability represents the overall
level of SMS functioning.
• T
 he quantity, quality and timeliness of SMS outputs
can function as proxies for SMS effectiveness.
Researchers also thought that a detailed SMS assessment might be feasible (and even necessary) for large
and complex companies, but not for SMEs, which
have limited resources and simpler SMS and organisational structures. Although all aviation companies are
obliged or expected to implement an SMS, standards
allow its scalability according to the size of the organisation and complexity of operations. Typically, SMEs

follow the ICAO Safety Management Manual (ICAO,
2018), but tailor their approach to their structure and
activity volumes (e.g., they run safety and other management tasks in parallel, simplify risk management
processes, create short risk registries, etc.). Therefore,
the AVAC-SMS metric aimed to maintain the concepts
of SMS Institutionalisation, capability and effectiveness, while also allowing SMEs to assess these SMS
dimensions through a less detailed instrument. Moreover, quantified measurements and scoring of the
various assessment areas were introduced to allow
SMS performance monitoring over time and benchmarking among organisations.
All metrics developed within the framework of the
research project were assessed against the set of
criteria described in section 3.5. To evaluate the
fulfilment of these criteria, the draft design of the
SMS metric was subjected to peer-reviews within
academia and the aviation industry. The underlying
concept and the draft versions of the metric were
also presented at four scientific and six industry
conferences, where formative feedback was
collected.
7.2 Results
SMS Institutionalisation
The SMS Institutionalisation assessment is targeted
towards the safety department that will score each
of the requirements (in a full-scale assessment),
answer the relevant question per SMS element (in a
middle-scale assessment) or component (in a shortscale assessment) based on available records and
information.
Full-scale SMS Institutionalisation assessment
The application of STPA in conjunction with the analysis iterations following reviewer remarks led to 149
UCAs and corresponding requirements for the design
and implementation of SMS. Table 1 presents the
distribution of these requirements across the SMS
components and elements.
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Table 1: Distribution of SMS requirements

Table 2: Example of SMS Institutionalisation requirements
Code

Extent of realising the
requirement

SMS element

Number of SMS requirements
Design

Implementation

Dependencies

Element

Component

Safety Policy &
Objectives

Management
Commitment and
Responsibility

13

8

9

30

73

MCR2

The overall organisational policy views safety as a core business function.

0%

Accountabilities and
Responsibilities

2

2

4

8

MCR3

Safety staff and officers participate in all planning and review management
meetings (across all organisational levels and sections, as applicable).

60%

Assignment of
Resources &
Appointment of Key
Personnel

5

5

1

11

MRC4

Safety is a parameter in decision-making during all planning and review
management meetings (across all organisational levels and sections, as applicable).

50%

MCR5

The possible need to change the safety policy has always been discussed by
management during significant changes within the organisation.

30%

MCR6

The current safety policy is included in all safety education/training programmes.

100%

Safety Risk
Management
Safety Assurance

Safety Promotion

Total

Total

Check if

SMS component

Coordination of Emer- 6
gency
Response Planning

3

4

13

SMS Documentation

4

4

3

11

Hazard Identification

4

4

3

11

Risk Assessment and
Mitigation

2

5

5

12

Safety Performance
Monitoring &
Measurement

7

6

7

20

The Management of
Change

2

3

5

10

Continuous
Improvement of SMS

1

2

3

6

Training & Education

2

3

3

8

Safety
Communication

3

5

1

9

51

50

48

149

MCR1

There is a safety policy.

23

36

17

149

Table 2 illustrates an example of the requirements,
which are differently coloured per type (design/blue;
implementation/orange; dependency/green). Scores
range between 0% and 100% in increments of 10%.
Where applicable, some design requirements can
only receive values of 0% or 100% due to their binary
nature. This specific score method was applied to help
user and avoid mistyping. The total SMS Institutionalisation score is calculated by measuring the difference
between the ideal SMS (all requirements fully met)
and its current state (actual scores).

In this case, instead of 149 checking points, companies can choose to assess four points (the entire
SMS), 16 points (SMS components) or 48 points (SMS
elements). The scoring concept is the same as the
one applied to the full-scale SMS Institutionalisation
assessment. For example, the questions asked for
each of the SMS elements are:

Middle-scale and short-scale SMS Institutionalisation
assessment
To accommodate the need for SMS assessment in
SMEs, the metric offers the option to evaluate the SMS
as a whole or at the levels of elements and components. There are questions in four areas for each case:

• T
 o what degree are the activities of this element
implemented as described in the standards?

• Design according to standards.

• T
 o what degree are the activities of this element
performed by using available inputs from other
SMS and organisational processes (when necessary)?

• Implementation according to standards.
• A
 ccomplishment of activities within defined
timelines.
• E
 xploitation of inputs from other SMS and
organisational activities.

30

100%

• T
 o what degree are the activities included in this
element designed/documented according to the
standards?

• T
 o what degree are the activities of this element
accomplished within the defined timelines/when
needed?

SMS capability
The assessment of SMS capability is achieved through
surveys sent to all managers and/or safety personnel
responsible for implementing the SMS activities. We
introduced six types of questions according to the
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keywords used by STPA in the analysis of causes
leading to ineffective control actions:
• T
 he capability of the controller (the person
responsible for implementing SMS tasks).
• The adequacy of means provided.
• The degree of conflict with other controllers.
• T
 he adequacy of inputs from other organisational/
SMS activities.
• The timely delivery of such inputs.
• The degree of influence of external disturbances.
Answering six questions for each of the 149 SMS
checking points is impractical. Therefore, the questions can be posed for each of the SMS elements,
for each of the components, or for the entire SMS,
depending on the preferred resolution level. For
instance, the following questions can apply to each
SMS component:

Each of the survey questions is answered using a
5-point Likert scale. The overall capability per point
assessed is the average of the scores of the six
questions across the entire sample.
SMS effectiveness
SMS effectiveness is evaluated through three questions that can be posed for the entire SMS, or per
component or element. These questions are addressed to all employees who receive the final deliverables of the various SMS activities as a means to
perform their tasks safely. The three questions aim
to evaluate the quantity, quality and timeliness of
SMS activities, using a 5-point Likert scale. The overall
SMS effectiveness score is calculated in the same way
as the SMS capability assessment. For instance, the
questions asked for the effectiveness of SMS components are:
• Is the number of activities delivered by managers/
safety staff (and relevant to this component) adequate to support your daily and safety-related
tasks?

• H
 ow capable do you feel you are to execute the
activities related to this component according to
the SMS manual?

• Is the quality of the activities delivered by managers/safety staff (and relevant to this component)
sufficient to support your daily and safety-related
tasks?

• H
 ow adequate are the means provided to you to
execute the activities related to this component as
described in the SMS manual?

• H
 ow timely are the activities of this component
executed by managers/safety staff to support your
daily and safety-related tasks?

• T
 o what degree do you experience conflict with
other people who work on the same activities of
the SMS component?

7.3 Discussion

• H
 ow adequate are the inputs from other organisational/SMS activities you need to execute the tasks
of this component according to the SMS manual?
• H
 ow timely are the inputs from other organisational/SMS activities delivered to help you execute
the tasks of this component according to the SMS
manual?
• T
 o what degree do external factors inhibit the execution of the activities of this component as described in the SMS manual?
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The SMS assessment tool was developed according to
the ICAO’s Safety Management Manual (2018) and is
based on a systematic analysis in conjunction with the
System Theoretic Process Analysis (STPA) technique
(Leveson, 2011). The tool incorporates a view of SMS
as a system by addressing its design and implementation along with time and internal/external process
dependencies, as well as SMS capability and effectiveness. Each of the assessment areas leads to individual
scores, which combine to provide the total SMS
functioning and effectiveness scores.

of their SMS self-assessments, organisations can
proceed to the collection of qualitative data with a
focus on the weakest areas revealed by the initial assessment. They can then further examine the scores
of each SMS dimension to detect differences among
organisational levels and functions, as well as to indicate areas where the gaps between WaI and WaD are
higher and require higher priority interventions.
In comparison with existing instruments – such as
those developed by Eurocontrol (2012), SMICG (2012)
and EASA (2017) – the AVAC-SMS tool provides a
consistent and systematic way to assess SMS without
neglecting the value of expert judgment and staff
perceptions. Current tools do not visibly encompass
a similar and consistent approach. For instance, the
AVAC-SMS tool:
• Includes dependencies, which are not explicitly
addressed in current tools.
• A
 ssesses SMS capability as a proxy for SMS
suitability, which cannot be evaluated through
existing tools due to the lack of respective
instructions.
• E
 mploys a specific set of questions as proxies for
SMS effectiveness, whereas current tools attempt
to evaluate SMS effectiveness through questions
based mostly on experience.
The tool offers different options depending on the
resources each organisation plans to invest in SMS
assessment.
While the AVAC-SMS tool does fill the gaps of existing
tools, it is not meant to replace formal audits. Instead,
it is intended to complement the current SMS assessment tools used in audits, to enable organisations to
perform a systematic evaluation of their SMS to the
extent desired, and to detect strong and weak areas.
In other words, the AVAC-SMS tool aims to assist
organisations with the assessment of their SMS.
The metric satisfies the requirements for a perfor-

mance-based assessment, and is uniform in the sense
that it can be used by any aviation organisation/
service provider with an established ICAO-based SMS.
The scores generated can enable the qualitative and
numerical monitoring of SMS performance, as well
as a quantification of the effects of planned or implemented SMS changes. Aside from improving SMS,
the tool can also be used when SMS and safety
performance targets are not met, or are not within
defined limits/thresholds.
7.4 Field test of the AVAC-SMS
Researchers wanted to:
• T
 est the AVAC-SMS tool through the collection of
real-world data.
• E
 xamine its value to detect gaps between the
Institutionalisation, capability and effectiveness
areas of SMS.
• A
 ssess differences among companies.
They therefore invited aviation companies to apply
the tool. They offered questionnaires at three different resolution levels, yielding a total of nine questionnaires with different estimated completion times
(see Figure 1). In total, 20 companies (large and SMEs)
applied the AVAC-SMS tool.
Table 1 (Page 34) shows the distribution of questions
at the task level of the Institutionalisation dimension.
The task level includes compliance and implementation questions, as well as time and process dependencies. The 149 questions were divided into three
aspects: Design (i.e., compliance), Implementation
(i.e., realisation of design) and Dependencies (i.e.,
observing SMS process interfaces and timeliness).
The different number of questions per SMS element
is attributed to the various levels of description of
the respective process in the Safety Management
Manual (ICAO 2018). They were finalized based on
the comments received during the design of the
metrics.

Using the AVAC-SMS as an SMS assessment tool can
be seen as a starting point. Depending on the results
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• D
 isturbances (i.e., the degree of other internal or
external disturbances affecting the execution of
the SMS tasks).
Employees were asked to evaluate three dimensions
for the SMS effectiveness assessment:
• Quantity (i.e., the sufficiency of SMS deliverables).
• Quality (i.e., the quality of SMS deliverables).
• T
 imeliness (i.e., the reception of SMS deliverables
at the proper time/when needed).

Figure 1: Overview of the AVAC-SMS questionnaires (expected completion time is shown in brackets).

A fixed number of questions was presented for Institutionalisation at the element and component levels.
In alignment with the dimensions assessed through
the task-level questionnaire, four questions were
asked per element/component in correspondence
with the following four dimensions:
• Design (i.e., according to standards).
• Implementation (i.e., realisation of design).
• T
 imeliness (i.e., implementation of activities at the
proper time).
• D
 ependencies (i.e., the use of inputs/outputs from
other SMS elements/components).
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Six capability dimensions were measured per
element/component/overall SMS:
• S
 kills (i.e., staff knowledge and competencies to
implement the assigned SMS tasks).
• M
 eans (i.e., the availability of equipment and
resources to implement SMS).
• C
 onflicts (i.e., different persons implementing SMS
tasks but with divergent or opposite practices).
• Information (i.e., the availability of information
required to execute the SMS tasks).
• T
 imeliness (i.e., the timely reception of information
necessary to perform the SMS tasks).

The Institutionalisation questionnaires were completed by the safety management department at
each company. The departments were requested to
complete at least two of the three SMS assessment
levels (i.e., task, element and component). This allowed comparisons of the results yielded from the
different assessment levels, and gave companies
the opportunity to select the level of detail most
appropriate for their available resources. On the
one hand, the aim was to check the consistency
between different levels of assessment. On the
other hand, the researchers wanted to respect
participating companies’ resource and time limitations. For the other two SMS assessment areas,
companies were invited to engage multiple managers (for SMS capability) and work floor staff (for
SMS effectiveness) in the survey. Companies were
invited to fill out one capability and effectiveness
questionnaire from any of the three different SMS
assessment levels (i.e. element, component, and
overall SMS).
7.5 Results from the field test
The sample averages showed a distance between
the area of Institutionalisation and the areas of
capability and effectiveness. The average Institutionalisation score was 0.81 (i.e., less than 1). This
indicates a gap between the real world and an ideally-designed and implemented system according
to standards. The average capability score was 0.72,
which indicated that the existing Institutionalisation
activities are not fully realised. The effectiveness
score was 0.75, indicating a distance between
employees and managers.

7.6 Conclusion
The application of the AVAC-SMS tool showed that
it has adequate sensitivity to capture gaps between
WaI and WaD among different SMS components and
levels and across organisations regarding the areas
of SMS Institutionalisation, Capability and
Effectiveness. The application of the tool also revealed interesting differences among the various
aspects measured: Design, Implementation, Timeliness and Dependencies. However, the relatively
small sample of companies and the limited number
of managers and employees participating in each
company render the findings indicative, and not
conclusive. Furthermore, this limitation did not allow
comparisons between large companies and SMEs,
or among companies with different operational activities (i.e., airlines, air navigation service providers,
airports and ground services). We acknowledge that
the study described in this report was exploratory
and not explanatory, and that the research design
that incorporated different options of assessment
resolution might have affected the precision and
comparability of the findings. The tool is also designed to collect self-reported data regarding the
various dimensions of the SMS areas assessed and,
consequently, the findings could have been affected
by socially-desirable answers. However, we expect
that such effects were minimal – the AVAC-SMS tool
was described to the companies as a self-assessment, and not an auditing tool. Participation in the
research was also voluntary, and we guaranteed
the anonymity of the companies as well as their
managers and employees. We therefore believe that
the results can trigger the companies to further investigate their weaker areas and enhance their SMS
activities. Although based principally on perceptions,
the AVAC-SMS tool is useful to organisations that
want to self-assess their SMS and make comparisons
among their various functions and levels and/or over
time. In terms of practicality, the various assessment
options offered for the AVAC-SMS can accommodate
the resources of SMEs and large companies, and
both types of organisations can invest in the application of the tool. If an overall SMS score is needed,
then even the lowest level of resolution can be used.
However, if a company wants a deeper and more
valid assessment, they are advised to use the most
detailed assessment option.
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8

M
 EASURING ORGANISATIONAL PLANNING FOR SAFETY CULTURE: THE
AVIATION ACADEMY SAFETY CULTURE PREREQUISITES (AVAC-SCP) TOOL

8.1 Description of the tool
The Aviation Academy Safety Culture Prerequisites
(AVAC-SCP) tool is based on a previously-published
framework (Karanikas et al., 2015) that combines 37 prerequisites to foster a positive safety culture. The prerequisites are clustered in six categories following Reason’s
(1998) typology of safety culture: just, flexible, reporting,
informative and learning sub-cultures, as well as one
additional category named general organisational prerequisites. The original objective of the tool was to gain
insights into what prerequisites an organisation includes
in their safety plans, and to what degree the organisation’s safety culture plans are operationalised. However,
the added value of the perception of safety culture aspects by the workforce cannot be neglected; regardless
of the efforts of a company to foster a positive safety
culture, the perception of the workforce might differ
from the intended outcomes of implemented plans.
Therefore, the AVAC-SCP was complemented with ten
questions – based on a condensed version of an existing
safety culture assessment tool (Balk, 2016) – to capture
employee perceptions. The decision to include just ten
of these perception questions followed the advice given
to the researchers during the peer-review to decrease
the number of questions addressed to frontline staff.
It helped to minimize the time needed to complete the
questionnaire, avoid boredom and tiredness, and
minimize socially-desirable answers when responding.
Each prerequisite is reflected by two questions:
• O
 ne for the document analysis targeted at executives and safety managers. For example: There
is written management commitment towards safety.
• O
 ne for the demonstration, targeted at executives,
safety managers and line managers. For example:
My commitment towards safety is clearly visible.
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The two example questions above are part of the
‘general culture’ category.
Finally, we measured the perception of the workforce
by one question per subcategory, targeted at all
employees within the company. For example: In
general, I think the safety culture in this organisation
is good.
The documentation analysis completed by executives
and safety managers can – for the majority of questions – be answered with ‘Yes’ or ‘No’. The prerequisite
is either reflected in the existing documents or not.
Some questions include ‘partially’ as an option, in case
the question refers to something such as ‘all organisational levels’. Depending on the answer, the scoring
is 100, 50 or 0.
The demonstration completed by executives, safety
managers and line managers has the following
answer options:
• A
 lways, Almost always, Sometimes, Almost never,
Never, Does not apply to my role/Haven’t
experienced it so far.
• S
 trongly Agree, Agree, Undecided, Disagree,
Strongly Disagree.
Depending on the answer, the score ranges between
0 and 100, with 25 as the interval.
Finally, employee perceptions are captured through
the same answers and scoring as the previous question type, and can be filled in by all employees of the
organisation.
Figure 2 shows a visual representation of the three
elements in the tool.

Figure 2: T hree elements of the tool, capturing the distance between prerequisites planned in the design, its implementation,
and employee perceptions.

Each element results in a score that generates an average per subculture category. The gaps between the elements reflect the degree to which there are distances
between planning in the documentation, implementation, and employee perception. The distances between
the scores on the three elements from the tool match
the Work-as-Done and Work-as-Imagined topics.
8.2 Field test of the AVAC-SCP
22 aviation companies applied the tool. This allowed
the researchers to test the AVAC-SCP tool through the
collection of real-world data, and to examine its ability
to detect gaps between the plans, implementation and
perception of safety culture. Companies were asked to
fill out the questionnaires on a self-assessment basis,
and they were instructed to assess all three aspects.
The possible responses for the Organisational plans
questionnaire were Yes/Partially/No. The questions for
the Implementation and Perception questionnaires
were based on a 5-point Likert scale. Two variants
were possible depending on the question; these
variants were coded to allow calculations (see Table
3). Responses coded with ‘0’ were treated as missing
values. The responses were coded identically so the
two scales could be combined. Since companies were
invited to ask multiple employees to participate in the
same questionnaire, a single score for each question
was obtained by taking the median response across
employees.

The questions from the three questionnaires were
grouped into sub-cultures. Table 4 illustrates the
number of questions per different subculture and
questionnaire.
The overall results were grouped by subculture and
calculated as the medians of all responses to the
respective questions per element.
Figure 3 (Page 38) shows the average scores at the
level of Organisational plans. The results suggest that
Organisational plans were about 80% present. ‘Just’
culture prerequisites were the least present, at about
65%, while reporting culture prerequisites were most
present, on average. The figure shows average values
only – there were significant differences among the
participating organisations.
8.3 Conclusion
The application of the AVAC-SCP tool showed that
it has adequate sensitivity to capture gaps between
WaI and WaD across organisations. The application of
the tool also revealed interesting differences among
subcultures as well as the safety culture prerequisite
assessment areas. However, as explained in section
7.6., limitations include the small sample of companies, as well as the limited number of managers and
staff participating. Further constraints involve the
lack of comparisons among companies based on size
and type of operations.
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Table 3: Likert scales for the Implementation and Perception questionnaires
Variant 1

Strongly agree

Agree

Undecided

Disagree

Strongly
disagree

Variant 2

Always

Almost always

Sometimes

Almost never

Never

Not applicable

Code

5

4

3

2

1

0

Table 4: Number of questions per sub-culture for the three AVAC-SCP questionnaires.
Organisational plans
(54 questions)

Implementation
(55 questions)

Perception
(10 questions)

General prerequisites

18

19

4

Just culture

6

6

2

Flexible culture

5

5

1

Reporting culture

9

9

0

Informative culture

9

9

2

Learning culture

7

7

1

Yes
Partially
No

100

Percentage

80
60
40

Learning

Information

Reporting

Flexible

Just

General

0

Overall

20

Figure 3: Average safety culture prerequisite scores at the level of Organisational plans.
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T
 HE EFFECTIVENESS OF RISK CONTROLS AS AN INDICATOR
OF SAFETY PERFORMANCE

9.1 Introduction
Safety is typically managed through a risk management
cycle, which includes the stages of hazard
identification, risk assessment, risk mitigation and
risk monitoring. Under this concept, risk mitigation or
elimination is achieved through risk control measures
of various types (e.g., procedures, technology, training,
etc.). The types of risk control measures used depends
on available resources and the degree of desired risk
control (ICAO, 2018; Kaspers et al., 2016a). According to
the ICAO, safety assurance includes the process of
validating the effectiveness of safety risk controls. The
ICAO defines a risk control measure as: “A defence with
specific mitigation actions, preventive controls or recovery measures put in place to prevent the realisation
of a hazard or its escalation into an undesirable consequence.” It describes the effectiveness of a risk control
measure as: “The extent to which the risk control measure reduces or eliminates the safety risks”. Therefore,
it seems logical to consider the effectiveness of risk
controls as a potential indicator for safety. However,
the ICAO does not provide further guidance on how to
measure the effectiveness of safety risk controls.
9.2 Literature review
Views on safety risk control
The ICAO’s Safety Management Manual (ICAO, 2018)
uses the term ‘safety risk control’ without defining it.
‘Safety risk control’ is also used interchangeably with
the term ‘defences’, which is defined as: “Specific mitigating actions, preventive controls or recovery measures put in place to prevent the realisation of a hazard or its escalation into an undesirable consequence”
(ICAO, 2018). The Federal Aviation Administration
(FAA) defines risk control measures as: “Strategies or
tools that reduce, mitigate or eliminate the probability
of occurrence, severity of the hazard and/or the
exposure of people and equipment to the risk”
(FAA, 2000).
The researchers found no common definition of the
term risk control measure in the reviewed literature,

although different aspects of the term have been
discussed (De Dianous & Fievez, 2006; Duijm, 2009;
Neogy et al., 1996; Reason, 1997; Sklet, 2006; Svenson,
2000; and Trbojevic, 2008). The literature shows that
there are no universal and commonly accepted definitions of these terms, and that different terms with
similar meanings are often used (such as barrier,
safeguards, safety barrier, layer of protection, protective layer, risk control measure, defences, etc.).
These definitions seem to be diverse due to their
crosswise use in different industries. However, they
do share a common feature – a risk control measure
is related to a hazard, an energy source or an event.
The verbs ‘prevent’, ‘control’ and ‘mitigate’ are also
frequently used in describing the function of a risk
control measure. According to Hollnagel (2008), a
distinction in terminology for risk control measures
must be made in terms of what risk control measures
do, their purpose or function, and what exactly they
are (i.e., the ways in which they achieve their purpose). De Dianous & Fievez (2006) complement this
viewpoint by stating that risk control functions are the
‘what’ that is needed to ensure or increase safety, and
that risk control systems are the ‘how’ in terms of implementing the risk control functions. In the context
of accident analysis and barrier functions, Svenson
(2000) states that the function of a risk control
measure represents a function that can arrest the
accident/incident evolution using risk control systems.
Classification of risk control functions
Lees (2012) distinguishes between hazard prevention,
hazard control and hazard mitigation as conceptual
means to control risk. Sklet (2006) concludes that risk
control measures – which could be physical and/or
non-physical – are means to prevent, control or mitigate undesired events or accidents. Rausand (2013)
distinguishes between three functions of risk control
measures: prevention, control and mitigation. Brewer
& List (2004) use the terms preventive, detective and
reactive to describe the functions of a risk control
measure. Preventive risk control measures seek to
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ensure that the adverse effect never materialises.
Detective risk control measures identify the time that
an event or events have occurred that could lead to
an adverse occurrence, and invoke appropriate actions to arrest (or mitigate) the situation. Reactive risk
control measures identify the adverse effect that has
occurred and invoke appropriate actions to recover
(or mitigate) the situation. This is similar to the categorisation of risk control functions used by the ICAO
(2018), in which the terms avoidance, reduction and
segregation of exposure cover the same definitions.
The classifications for the function of a risk control
measure used in the ARAMIS4 research project consist
of four main categories described by the verbs ‘avoid’,
‘prevent’, ‘control’ and ‘protect’ (ARAMIS 2004).
Hollnagel (2004) describes the two main functions of
risk control measures as prevention and protection.
Risk control measures in the prevention category are
supposed to ensure that the accident does not happen, or at least slow down the developments that may
result in an accident. Risk control measures that are
intended to work after a specific initiating event has
occurred serve as means of protection, and are supposed to protect the environment, the people and the
system itself from the consequences of the accident.
Trbojevic (2008) also approaches the classification of
risk control functions based on their effectiveness, but
uses the terms technical, human/organisational, and
fundamental (such as the management of change,
procedural reviews, corporate audits, etc.). In this
approach, technical risk control measures can prevent
the risk and are therefore the most effective, while
fundamental risk control measures have the lowest
effectiveness.
It may seem obvious that the most effective way of
dealing with an identified risk is the elimination of
that risk. However, a risk-free environment in aviation
is not possible – human activities and human-built
systems cannot be completely free of hazards and
associated risks (ICAO, 2018). When risks are identified, options range from accepting the risks to eliminating them. Between these extremes, risk-reduction
options aim at decreasing the probability or likelihood
that the hazard will become uncontrolled, and to
mitigate the effects of the consequences of the risk.

The FAA states that the process of selecting or designing controls should be approached in a structured
manner (FAA, 2006). An effective risk control measure
should reduce or eliminate the probability of an occurrence, the severity of the hazard, or the exposure of
people and equipment to the risk (FAA, 2000). The FAA
also proposes a hierarchy or preferred order of control
actions to be taken when facing a risk, ranging from
most to least effective. According to Manuele (2006),
risk control measures taken to attain an acceptable risk
level are more effective when they follow a prescribed
hierarchy of controls. The “…hierarchy of control sets
forth a way of thinking about taking actions in a feasible order of effectiveness to reduce risks” (Manuele
2006). Depending on the hazard, there may be more
than one applicable action or strategy. Controls may
be applied at different times, depending on the immediacy of the required action and the complexity of developing more effective controls. According to Manuele
(2006), the hierarchy of controls is:
• D
 esigning the hazard out by modifying the system
(this includes hardware/software systems involving
physical hazards as well as organisational systems).
• P
 hysical guards or barriers that reduce exposure to
the hazard or reduce the severity of consequences.
• W
 arnings, advisories, or signals of the hazard.
• P
 rocedural changes to avoid the hazard or reduce
the likelihood or severity of the associated risk.
• T
 raining to avoid the hazard or reduce the
likelihood of an associated risk.
Classification of risk control systems
A risk control system describes the means by which
the risk control functions are carried out (Hollnagel,
2008). Sklet (2006) presents a similar description by
stating that a risk control system is a system that has
been designed and implemented to perform one or
more risk control functions. The system therefore
describes how a risk control function is realised or
executed. The ICAO (2018) states that risk control
systems could fulfil a risk control function through
technology, training or operational procedures.
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Kang et al. (2016) distinguish between technological,
organisational and personnel control measures.
Hollnagel (2004) classifies risk control measures
based on their nature, dividing them into material or
physical control measures, functional control measures, symbolic control measures and incorporeal
control measures. Material or physical control measures physically prevent an action from being carried
out or an event from taking place. Functional control
measures constrain people from carrying out the
action. Symbolic control measures require an act of
interpretation to achieve their purpose – an ‘intelligent’ agent of some kind that can react or respond
to the risk control measure. Incorporeal control
measures are not physically present or represented
in the situation, but depend on the knowledge of the
user to achieve their purpose.
Reason (1997) uses the terms ‘hard’ and ‘soft’ to distinguish between technical and non-technical risk
control measures. Wahlstrom & Gunsell (1998) make
a similar classification by differentiating between
physical, technical and administrative risk control
measures. Physical risk control measures are incorporated into the design of a construction, technical risk
control measures are initiated if a hazard is realised,
and administrative risk control measures are incorporated into administrative systems and procedures.
Neogy et al. (1996) use only two of these categories,
focusing on the softer risk control measures. They
state that physical risk control measures include items
put in place to protect workers or to prevent activities from progression into accidents, that risk control
measures use management initiatives involving the
safety evaluation of activities, and that administrative
risk control measures use procedures and training.
Landucci et al. (2016) suggest that risk control
measures can be active (i.e., risk control measures
that do not require external activation to perform
the protective action) or passive (i.e., risk control
measures that require either power or external
activation to trigger the protective action). Bellamy
et al. (2007) and De Dianous and Fievez (2006) share
the passive-active distinction. However, the former
authors add a division between mixed and pure risk
control measures, whereas the latter authors add a
division between human actions and symbolic

control measures. A mixed risk control measure
consists of behavioural elements mixed with hardware, which involve some kind of human intervention
either to detect and diagnose or to respond. Pure behaviour control measures require only human senses
to observe some phenomenon, assess what action to
take and then to take the action, such as evacuating
a building in the case of a fire (Bellamy et al., 2007).
Human action control measures rely on the knowledge of the operator only, while symbolic control
measures need an interpretation by a person (De
Dianous & Fievez, 2006).
The ARAMIS user guide (ARAMIS, 2004) provides a
more comprehensive classification based on whether control measures are permanent or temporary,
whether they work passively once put in place or
have to be activated, and whether they have a pure
safety control function or one which also forms part
of the normal control process. Sklet (2006) recommends a distinction between active and passive risk
control systems. Sklet further divides passive risk
control measures into physical and human/operational, and divides active control measures into technical and human/operational. The physical passive
control measures do not need to be activated, which
means they function continuously. The passive
human operational control measures (e.g., safety
distances) may function continuously, or be implemented in high-risk activities. Active human operational control measures may function continuously
or be activated on demand. These control measures
reveal potential failures through their integration
into a work process.
Monitoring the performance of a risk control
measure
According to the ICAO (2013), the performance of
control measures refers to their:
• E
 ffectiveness (i.e., the extent to which the alternatives reduce or eliminate the safety risks).
• C
 ost/benefit (i.e., the extent to which the perceived
benefits of the mitigation outweigh the costs).
• P
 racticality (i.e., the extent to which mitigation can
be implemented and how appropriate it is in terms
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of available technology, financial and administrative resources, legislation and regulations, political
will, etc.).
• A
 cceptability (i.e., the extent to which the alter
native is consistent with stakeholder paradigms).
• E
 nforceability (i.e., the extent to which compliance
with new rules, regulations or operating procedures can be monitored).
• D
 urability (i.e., the extent to which the mitigation
will be sustainable and effective).
• R
 esidual safety risks (i.e., the degree of safety risk
that remains after the implementation of the initial
mitigation and which may necessitate additional
risk control measures).
• U
 nintended consequences (i.e., the introduction
of new hazards and related safety risks associated
with the implementation of any mitigation alternative).
Neogy et al. (1996) use the terms effectiveness and reliability to describe how successful control measures
are in providing protection. Hollnagel (2008) presents
a set of performance criteria that addresses various
aspects of barrier quality: effectiveness or adequacy,
resource needs, robustness, delay in implementation,
applicability to safety-critical tasks, availability, evaluation and (in)dependence on humans. The ARAMIS
user guide employs effectiveness, response time and
level of confidence as criteria for evaluating the performance of risk control measures (ARAMIS 2004).
Sklet (2006) recommends characterising the performance of risk control measures through their
functionality/effectiveness, reliability/availability,
response time, robustness and triggering event or
condition. Sklet also notes that not all attributes are
relevant or necessary to describe control measure
performance.
Monitoring the effectiveness of a risk control
measure
The Oxford English Dictionary defines effectiveness
as: “The degree to which something is successful in
producing a desired result”. The ICAO states that the
effectiveness of a risk control measure “…must be
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evaluated”, but does not provide guidance on how
to measure this effectiveness. The ICAO defines effectiveness as: “The extent to which the alternatives
reduce or eliminate the safety risks. Effectiveness can
be determined in terms of the technical, training and
regulatory defences that can reduce or eliminate
safety risks” (ICAO, 2018).
Svenson (2000) observes that a risk control measure
can be ineffective (i.e., in the sense that it does not
prevent progress toward an accident/incident), nonexisting (i.e., if the control measures had been present,
they would stop the accident/incident evolution), or effective (i.e., those that actually prevent progress toward
an accident/incident). Neogy et al. (1996) use the term
effectiveness to express the degree of suitability or
comprehensiveness of the barrier in protecting against
a given hazard. Hollnagel (2008) uses a fuzzier definition by stating that effectiveness is the measurement
of how well the risk control measure meets its intended purpose, which is thereby linked to the outcome
result of a safety risk control measure. In addition, the
effectiveness of risk control measures addresses the
ability to perform a control function in a non-degraded
mode and in specified conditions (ARAMIS, 2004). In
the guidebook for safety risk management for airports,
the effectiveness of mitigation strategies is seen as the
extent to which the options reduce or eliminate the
safety risks (Neubauer et al., 2015).
Sklet (2006) uses effectiveness as one of the criteria
for risk control measure performance, and describes
effectiveness as the ability to perform a specified
function under given technical, environmental, and
operational conditions. Sklet also mentions that: “The
possible degree of fulfilment may be expressed in
a probabilistic way as the probability of successful
execution of the specified function or the percentage
of successful execution” (Sklet, 2005, p. 15). Trbojevic
(2008) defines effectiveness as the level of prevention,
attenuation, mitigation or control of the threat of the
hazard being released.
Measuring the effectiveness of a risk control
measure
Performance indicators for risk control measures are
data-based parameters that establish whether they
are performing to a standard that corresponds with
the safety performance target (ICAO, 2016). Hauge et

al. (2012) define safety indicators as: “An observable
and measurable variable quantity that can be used to
monitor a risk”. Section 3.5 describes the following list
of quality criteria for safety indicators and metrics in
general as being:
•
•
•
•
•
•
•
•
•

Based on a thorough theoretical framework.
Specific in terms of what to measure.
Measurable.
Valid.
Immune to manipulation.
Manageable.
Reliable.
Sensitive to changes in conditions.
Cost-effective.

In addition, Hauge et al. (2012) state that information
about the indicator should be easily available, preferably from existing information systems. In the nuclear
industry, safety performance indicators should be
linkable to the cause of a malfunction and should be
able to be integrated into normal operational activities (IAEA, 2000).
9.3 Indicator design
Effectiveness is defined as the measure of the level
success when aiming to achieve an objective (McCormick, 1981). In other words, the effectiveness of a risk
control measure provides information about how
many times the risk control measure is addressed
in tackling a particular hazard or risk, and how many
of these times the risk control measure performs
according to the desired outcome of the specific risk
control measure. A generic indicator can be developed
based on this definition of effectiveness. However, this
ignores the fact that every risk control measure is approached as unique in terms of their system and function. The generic indicator is described as follows:
The ratio between the number of times a risk control
measure is challenged and the number of times the risk
control measure achieves a successful5 outcome.
This indicator expresses the probability that the risk
control measure, once successfully activated, will be

able to prevent the escalation of a specific hazard. We
have developed the following metrics based on the
properties of risk control measures as described above
to determine the performance of risk control measures:

These metrics are listed in preferential order, with
the most preferred on top. A failure of a risk control
measure is defined as a failure to result in the specific
desired outcome of the specific risk control measure.
For all three metrics, it is necessary to have an unambiguous description of the risk control measure as well
as a description of the hazard(s) that the risk control
measure must mitigate. It is also necessary to define
what constitutes a failure of the risk control measure.
9.4 Industry review
The proposed metrics for the effectiveness of risk
control measures were distributed among academia
and industry with a request to provide feedback. The
material consisted of a one-page description of the
background, the proposed indicators, and a note
about the information that must be available to apply the metrics. Reviewers were asked to assess the
proposed indicators according to the quality criteria
described in section 3.5. Comments were received
from eight organisations (three airlines, two aviation
consultants, a maintenance organisation, a ground
support organisation and an airport). In general, the
response was positive – the organisations indicated
that the metrics as defined could provide a worthwhile contribution to safety management. However,
several respondents did express concern about the
availability of sufficient information, especially for
smaller enterprises. Some also indicated that these
metrics are easier to use if the organisation employs
a bow-tie method or something similar, as the
barriers would already be defined.

5. Successful according to the specific desired outcome of the specific risk control measure.
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10

S
 AFETY METRICS BASED ON RESOURCES

10.1 Introduction
The availability of resources is limited and sometimes
uncertain. This can lead to performance adjustments.
The researchers therefore deemed it worthwhile to
explore the possibility of defining safety performance
indicators based on the availability of resources. Resources in this context are equipment, people, time,
and budget.
10.2 Theoretical background
No organisation operates in a vacuum. Each environment has constraints, such as the amount of capital
available and the qualifications of available employees
(Dekker, 2011). Rasmussen (1997) suggests that there
are three types of constraints: economic, workload
and safety. These constraints surround the operation
from three sides, and the organisation may migrate
towards (or across) a boundary as a result of pressure
from the other constraints. The concept that organisations may exchange performance in key areas as a
result of internal or external pressures is also reflected in several other views described in the literature.
Hollnagel (2014) states that because the availability of
resources can be limited and uncertain, people adjust
what they do to match the situation. This makes performance variability inevitable, ubiquitous and necessary. In addition, people often sacrifice thoroughness
for efficiency due to issues such as a lack of time or
information. These sacrifices are normal, necessary
for system functioning, and usually result in success.
Occasionally, however, they can contribute to an
accident (Hollnagel, 2009). A lack of resources can also
lead to such trade-offs. To complicate matters even
more, safety and core business (production) compete
for resources: this means that investments in safety
are seen as costs, which are therefore (sometimes)
hard to justify or sustain. This is a possible cause of
conflicting goals for the allocation of resources within
a company, which can lead the organisation into drift.
According to Rasmussen and Svedung (2000),
accidents are the effect of a systematic migration of
organisational behaviour under the influence of
pressure towards cost effectiveness in an aggressive,
competitive environment.
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Work-as-Imagined (WaI) is what designers, managers,
regulators and authorities believe happens or should
happen. Work-as-Done (WaD) is what people do to get
the job done in the actual situation. WaI is the basis
for design, training, and control (Hollnagel 2015).
Understanding the gap between system-as-imagined and the system as actually operated requires
understanding how the system really works, but also
how it is imagined to work (Hollnagel et al. 2006). It
is suggested that a large gap between WaI and WaD
has a negative influence on the general level of safety
(Hollnagel, 2015). Historically, WaI is represented as
the most efficient way of doing something (Hollnagel,
2017), and this is exemplified in concepts such as
LEAN that focus on avoiding waste. However, if we
do not know how the system really works, it may be
difficult to differentiate between ‘waste’ and required
resources. A gap between WaI and WaD may, in such
cases, be reflected in a lack of resources required
to get the job done. In other words, the difference
between planned resources and actually required
resources is indicative of a gap between WaI and WaD
and may influence safety.
10.3 Design of the indicators
Exploratory interviews were held with representatives
from four different aviation companies (two aviation
maintenance organisations, a helicopter operator and
an operator of non-complex aircraft) to obtain further
insights into the way in which resources are planned,
the way in which differences between planned and
required resources are identified, and the types of
data that are collected regarding planned and required resources. The interviewees indicated that
resource planning is difficult due to fluctuating
demands that may not be predictable, and which
therefore create uncertainty. Resource planning
mainly concerns person-hours. A short-term lack of
person-hours is solved by allowing delays or by hiring
temporary staff. The companies interviewed consider
the equipment available to perform the main activities as fixed. Work is outsourced in the case of equipment shortages (due to an unexpected temporary
increase in demand).

Results from the exploratory interviews led to a
decision to consider four types of resources: time,
people, money and equipment.
10.3.1 Time
Time can be expressed as the total duration of an
activity (run-time) or as the number of person-hours
involved in an activity (which combines the resource
‘time’ with the resource ‘people’). Run-time is the
turnaround time of a task and is a measure of task
duration, while person-hours is a measure of total
task effort. Run-time may or may not be affected by
the availability of personnel. If an activity allows tasks
to be executed in parallel, then run-time can be reduced as more people work simultaneously (but such
personnel must be available). For the purpose of this
research, we consider the run-time made available for
a specific activity compared to the run-time required
to adequately perform the activity. Similarly, we consider the number of person-hours made available
compared to the number of person-hours required
to adequately perform the activity. Available/required
run-time and person-hours are calculated for a task
or a combination of tasks.
10.3.2 People
Human capital theory suggests that the accumulation of firm-specific human capital in a workforce
determines workforce performance (Strober, 1990).
Voluntary staff turnover is defined as the percentage
of employees in a workforce that voluntarily leave
the organisation during a certain period of time
(e.g., one year). Voluntary turnover eliminates an
organisation’s return on investment in an employee
and reduces firm-specific human capital (Shaw et al.,
2005). Voluntary turnover occurs when an individual
decides to leave a job for reasons other than

retirement. It generally occurs when an individual
foresees the availability of more attractive work
alternatives. Involuntary turnover occurs when
organisational actions are taken to relieve an
individual from their position (Ring, 2011). The
determinants of voluntary and involuntary turnover
may differ (Shaw at al., 1998). Furthermore, most
published work on the relationship between turnover and performance concerns voluntary turnover.
We therefore chose to restrict the metric to
voluntary turnover.
10.3.3 Money
A negative correlation between the availability of
monetary resources and safety performance is one
of the implicit assumptions of the ‘drift into failure’
concept described in section 10.2. This type of
assumption is supported by the observation that
there is a strong inverse relationship between aircraft accident rates and gross domestic product
across world regions (Roelen et al., 2000; Visser,
1997). Karanikas (2015) demonstrated an association between expenditure per employee (including
wages, salaries, compensations and allowance
expenditures) and the rate of accidents attributed
to human error. A logical indicator for monetary
resources for a company is profit as a percentage
of total turnover. However, if profit goes directly to
company shareholders and is not invested back into
the company, an effect on (safety) performance is
not expected. Therefore, we consider the budget
invested in the organisation (or parts of the organisation) relative to the budget spent by the organisation (or part of the organisation) as an indicator for
the ‘money’ resource. Budget invested/spent is
calculated for a specific activity of group of activities
during a certain time period.

45

10.3.4 Equipment
Almost all activities in aviation require the use of
tools or equipment. This can include common equipment such as laptop computers and smartphones,
special tools used for one specific maintenance task,
and personal protection equipment to prevent occupational injuries. A risk model based on accident
data developed by the RIVM (2008) includes equipment as one of eight management delivery systems
that define the precursor events of accidents. The
effect of too little personal protection equipment is
one of the most dominant factors affecting occupational safety performance (Sawacha et al., 1999). For
this metric, however, we consider all specific equipment on which the execution of the tasks is critically
dependent.
10.4 Discussion
Based on the theoretical background and results
from our exploratory interviews, we have defined the
following performance indicators:
• Available run-time/required run-time.
• Available person-hours/required person-hours.
• Voluntary staff turnover.
• Budget invested/budget spent.
• A
 mount of equipment available/amount of
equipment required.
The metrics described here are considered to be
pro-active indicators. This follows the definition of Rasmussen et al. (2000) who define pro-active indicators

as indicators before an accident. Moreover, they are
considered predictive in the sense that they can predict the likelihood of the occurrence of unsafe events,
as opposed to monitoring indicators that use actual
events as a measure for the likelihood of unsafe events
(Körvers, 2004).
Of course, there may be interactions between these
indicators. For example, voluntary turnover could affect
financial performance (Shaw et al., 2005) representing a
relationship between the ‘people’ and ‘money’ indicators’.
10.5 Industry review
The proposed metrics for the effectiveness of risk
control measures were distributed among academia
and industry with a request to provide feedback. The
material consisted of a one-page description of the
background, the proposed indicators, and a note
about the information that must be available to apply the metrics. Comments were received from eight
organisations (three airlines, two aviation consultants, a maintenance organisation, a ground support
organisation and an airport). Reviewers were asked
to assess the proposed indicators according to quality criteria that were developed during an earlier part
of the study (Kaspers et al., 2016a). In general, the
response was positive – the organisations indicated
that the metrics as defined are meaningful and that
they can be applied to organisations with different
sizes and types of activities. Most respondents suggested that the data required to apply the metric
could be obtained relatively easily, although the
frequency and methodology for capturing and documenting data differ among companies and throughout different departments (defining how easy it
would be to obtain).
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C
 OMPLEXITY OF SOCIO-TECHNICAL SYSTEMS:
A CONCEPT FOR A UNIFORM METRIC

11.1 Introduction
The Dutch National Research Council for Safety
(Onderzoeksraad voor Veiligheid, OVV) recently
published a report on air traffic safety at Schiphol
(OVV 2017). The report described Schiphol as complex
compared to other airports. This high complexity was
linked to frequent changes in flight approach patterns
and the simultaneous use of crossing runways, which,
in the case of a go-around, might lead to dangerous
situations caused by crossing trajectories. Unfortunately, the report did not define complexity, nor did
it use a mathematical formulation to quantify complexity. Instead, it made an intuitive link between
complexity and safety through the occurrence of
single incidents without proper quantitative
validation.
Since the first accidents at nuclear power plants (e.g.,
the Three Mile Island nuclear power plant accident in
1979), the increased complexity of modern sociotechnical systems and tight coupling among system
components and processes have been seen as factors
of decreased safety performance. This is due to the
limited ability of controllers to fully understand and
control such systems and react adequately to unforeseeable situations (Perrow, 1984; Dekker, 2011).
Following the work of Perrow, researchers have used
a variety of approaches to describe and understand
complexity, as well as many different definitions of
complexity. However, any attempts to quantify
complexity and relate it to the safety performance of
systems have not yet led to conclusive results.
Eurocontrol (2004) performed an extensive literature
study on the topic of the cognitive complexity of air
traffic control, followed by a report called “Complexity
Metrics for ANSP Benchmarking Analysis” (Eurocontrol, 2006). In this report, air traffic complexity is used
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numerically as a basis for benchmarking ATC recruitment. Based on Eurocontrol’s work, several efforts
have been taken to apply the metric and relate it to
safety. Djokic (2009) detailed the Eurocontrol metric,
calculated complexity for a large number of actual
air traffic situations and tried to correlate it with
the calculated probability of loss of separation. This
work did not find any significant associations. Kristic
Simic (2010) described the operational simulation of
aircraft landing at and departing from two different
airport configurations, as well as the evolution over
time of the complexity (as calculated by a derivative
of the Eurocontrol metric). The aim of this work was
to give controllers insight into their expected workload. Diaconu (2014) used the Eurocontrol metric to
determine the evolution of air traffic complexity over
time in the Bucharest Air Control Center to validate
actually-required staffing.
From this System Complexity (SC) we proceed to the
complexity of a system as perceived by the individual(s) responsible for controlling that system. This is
called Perceived System Complexity (SCperceived).
Eurocontrol’s literature survey (2004) discussed the
performance of human controllers as a mediating
factor to be applied to System Complexity, known as
Taskload (i.e., factors external to the system operator)
to arrive at Mental Workload (as perceived by the
operator in control). Schöttl (2015) applied a metric
called ‘Perception’, reflecting the mental state of the
person assigned to control the system. In Schöttl’s
approach, Perception is linked to the operator’s
mental fitness and experience, separately graded and
combined into a score between 1 and 10. The latter
study uses System Complexity in combination with
the Human Performance metric according to the
Contextual Control Model published by Hollnagel
(1993). The approach specifies four different levels of
control reactions to external disturbances: random,
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opportunistic, tactical and strategic control levels of
the intervening operator. Finally, we link the dynamic
Relative Perceived System Complexity to the occurrence of incidents.
11.2 System definition
The Federal Aviation Administration (2000) defines
a system as: “A composite of people, procedures,
materials, tools, equipment, facilities, and software
operating in a specific environment to perform a
specific task or achieve a specific purpose, support,
or mission requirement”. For the scope of this study,
we followed the principles of general systems engineering by assuming that each system is characterized by (1) the main process(es) under concern,
through which (2) input(s) are transformed into (3)
output(s) using (4) resources and (5) incorporating
controls for specific levels of disturbances. The type
and extent to which disturbances are considered,
depend on the system boundaries defined by the
analyst: disturbances originating inside the system
or at the system borders.
For the scope of the complexity metric, processes
are defined as the highest-level processes each user
performs to generate the desired system deliverables.
For example, in the aviation sector:
• T
 he process of flying an aircraft is a high-level process that can be divided into lower-level processes
(i.e., controlling, navigating, communicating, etc.),
which in turn can be further divided depending on
the scope of the analysis. From a pilot’s perspective, therefore, the processes of controlling, navigating and communicating might be considered
as the main high-level processes. The system elements with which the flight crew interacts are: other aircraft, Air Traffic Control, all devices that provide information to the pilot (or cause distraction)
and the different means that help pilots control the
aircraft (e.g., engine throttles, control sticks, etc.).
The interactions may be physical (e.g., advancing
the throttle) or informative (e.g., acquiring ATC
instructions).
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• F
 rom the perspective of air traffic management
of a given airspace, the air traffic process of all
individual aircraft is the highest-level process. The
flight of each aircraft within the airspace is the next
lower level of processes. The different aircraft are
the elements that constitute the system in combination with the technical systems, enabling the task
of control (e.g., radars, displays, communications,
etc.) and other human controllers who assist in the
activities of air traffic control (e.g., shift supervisors,
weather information services,. etc).
• R
 egarding ground handling teams, the turnaround
process is the main high-level process, with
sub-processes that include fuel supply, baggage
transport and loading, catering, cleaning, etc. All
parties executing their individual sub-process in
parallel are the elements of the system. Interactions can be physical, functional and/or communicative. As long as every individual element remains
in its allocated sub-space, no physical interactions
between the servicing elements will occur. However, there are various interdependencies that can
be complex and hidden. For instance, cleaning
activities can only start once debarkation of the
passengers is finished. However, the debarkation
of passengers also has a direct interaction with the
unloading of the baggage (e.g., an unbalance may
cause the aircraft to tip over).
• In the field of technical support, maintenance is
a review process, with all supporting activities
serving as sub-processes. The system elements are
all persons acting or interacting with each other in
physical, functional or communicative ways, as well
as the equipment used.
11.3 System Complexity metric
When dealing with the separation of aircraft in airspace, Eurocontrol sees complexity as existing when
aircraft have different headings, vertical climb rates
or speeds (Eurocontrol, 2006). In short: complexity
increases when aircraft trajectories could cross,
which may give rise to a need for intervention by a

controller. For an operator tasked with keeping
aircraft in a given airspace separated, the complexity
of a given space cell during a given time-frame is:

where Twindow is the time period in which a controller
can prevent a collision (or a smaller than acceptable
distance) between elements i and j. The shorter
Twindow becomes, the higher the system complexity
will be. Equation (2a) can be written accordingly as:

(1)
(2b)

Here:
• N
 E is the total number of elements present in that
cell space.
• D
 Iij represents the degree of interaction between
element i and element j. It takes the value of 0 in
the case of no interaction between two elements,
or the values 1, 2 or 3 depending on the existence
of a single, double or triple interaction between
two elements.
• N
 Ii is the total number of elements interacting with
element i.
• w
 ij is a weighing factor equal to the fraction of
the flying time in the cell in which the interaction
between element i and j existed.
In the case of objects physically moving through
space, the existence of a DI in Equation 1 means that
the distance dij between two elements i and j is
changing. In this case, we can write System
Complexity in a given moment in time as:

(2a)

.
Here, dij is the change in the distance between elements i and j per second. This expression shows that
.
when a DI is written as dij/dij , it equals 1/Twindow

Twindow can be compared to the time window that
Hollnagel (1993) presents in his Contextual Control
Model to consecutively understand, plan and act
upon the occurrence of the unexpected event.
Other important elements in the complexity metric
include the factors that play a role in controlling the
process. Aside from Human Resources (HR), system
control is not possible without adequate Technical
Resources (TR). Communication and Anticipation (CA)
also play a decisive role in controlling complex systems. Communication represents all effective functional exchanges of information between the controller
and the elements, and between the elements themselves. Anticipation covers the cognitive capability
of the elements to react in advance, on the basis
of experience and knowledge. For this study, we
combine these three factors into the term Slack (SL),
through the generic expression SL = [HR, TR, CA].
In general, one can state that if distances between
elements become smaller or decrease at a higher
rate, an increasing number of tools (and more sophisticated tools) are needed to stay in control. Communication and anticipation also become increasingly
crucial to prevent incidents from happening. Therefore, System Complexity is expressed as:

(3)
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The sums in Equation 3 represent the system to be
controlled. The SL parameter reflects the resources
available to control it. This combines together in SC(t)
to represent the difficulty of the control task.
11.4 Task difficulty, task load and workload
Any difficult task may be feasible as long as the
user is adequately experienced in controlling the
corresponding situations, is mentally and physically
fit, and is able to use the available tools effectively.
Adverse events might occur because the operator
is tired, does not understand the situation, or is
subject to other factors influencing the human ability
to control a situation. Therefore, in line with Eurocontrol (2004) and Schöttl (2015), we multiply System
Complexity (SC) by Human Performance (HP), a factor
representing all elements that might limit human
performance. This leads to perceived system
complexity SCperceived:
(4)

HP is depicted by an integer ranging from 1-4,
representing the four control modes as defined by
Hollnagel (2017):

11.5 Minimising complexity
Based on Equation 4, it is interesting to determine the
conditions for the lowest possible SC, as this situation
requires the lowest level of control measures. It is
evident that ample Slack lowers SC due to sufficient
staff, technologically advanced tools and trained procedures. But complexity actually becomes minimal
when there are no DIs. This situation represents a
system state that requires the least effort to control,
and is therefore preferable if circumstances allow.
In the case of air space controllers, minimising complexity means that all aircraft in the space cell under
consideration have the same heading, the same climb
rate and the same speed. This gives .dij a value of 0
within the space cell in Equation 4. Taking this one
step further, we can define the requirements for
space cells to minimize complexity:
• S
 pace cells have one type of (air)traffic, all moving
(flying) at the same speed, with the same heading
and the same climb rate, from one entry point at
one side of the space cell all the way to one exit
point at the other end of the space cell.
• O
 ne controlling authority monitors all traffic in one
space cell to ensure that flight crews follow the
rules and stick to the planned route. In other
words, the controller checks whether complexity
remains ‘zero’ and takes appropriate actions to null
complexity again if it increases unintentionally.

4. S
 crambled or random control mode, in which
the operator has no idea what to do and acts
impulsively.

Land traffic is also organized this way, with separate
and non-intersecting lanes for pedestrians, bicycles
and cars, and with all vehicles moving within a lane at
similar speeds and similar headings. If intersections
cannot be avoided, controls are put in place or speeds
are reduced in order to create a time window that
allows the human mind to prepare and execute a
well-thought-out action. If high-speed crossings are
inevitable, they are mitigated by a slow merging of
parallel lanes, which minimises the elements’ differences in speed (as in the design of our motorways).

It is clear that training controllers to follow emergency
procedures in exceptional situations results in a low
HP value, which limits a sudden increase in perceived
complexity.

Another example of minimising complexity can be
found at ground services during a turnaround process
of an aircraft on the apron. Here, ‘zero’ complexity
means that:

1. S
 trategic control mode, in which the
controller handles System Complexity in a longterm and stable way.
2. T
 actical mode.
3. Opportunistic mode.
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• W
 hile the aircraft is taxiing to its gate position, the
entire space through which the aircraft is moving
is allocated to that aircraft alone up to the moment
it halts and the engines are shut down. No other
elements are allowed within this space.

11.6 Increased complexity

• A
 fter the aircraft comes to a halt, the space
around the aircraft is handed over to ground
service operations. All individual elements (task
groups) have their own sub-space allocated to
them to perform their individual tasks in parallel.

Factor A.
Factor B.
Factor C.

• U
 pon completion of the individual turnaround
tasks, the complete area around the aircraft is
handed over to the aircraft by a central controller,
and the aircraft is allowed to move through its
allocated space again.
We can also follow the same approach to minimize
the complexity of an (aircraft) maintenance task.
In this case, minimising complexity means that:
• E
 very maintenance technician uses their own tools.
• E
 very maintenance technician performs one task
within a given timeframe (series work mode).
• N
 ot more than one maintenance technician works
at the same time on the sub-system for accomplishing different tasks.
• C
 ommunication is minimized to the extent
necessary for coordinating the activities performed
between the technicians involved.
Minimal complexity for the controller also means
removing all devices that may provide non-relevant
information, and that could distract the controller
instead of supporting them in their most important
control task. A clear example is the removal of large
billboards from the direct vicinity of a pedestrian
crossing in London after incident rates increased
due to the placement of these billboards. Minimizing complexity for the driver of a car also means
eliminating distracting devices from inside the car,
unless of course the control of the car is automated
and made independent from the activities of the
driver.

From Equation 4, it can be concluded that the
following three factors can lead to an increase in
complexity:
A decrease in Human Performance.
A decrease in Slack.
An increase in DIs.

Factor A covers a wide variety of situations in which
controllers are unable to control their system. One
can think of physical or mental health issues affecting
the adequate functioning of the pilot. Extraordinary
circumstances, possibly as a consequence of technical
anomalies for which the pilots are not trained, could
also cause so much stress that the logical solution to
control the system in a non-standard situation is not
found by the controller within the time available.
Factor B represents sudden shortages of resources,
such as an inadequate amount of fuel, decreased
technical performance of the system, or insufficient
human resources to accomplish a task within defined
time limits and according to standards.
Factor C is connected to the question: what changes
can cause DIs to increase sharply? Mathematically,
a sensitivity analysis can be performed for , where x
represents the relevant variables that determine interactions. When considering the number of aircraft
flying at the same headings, climb rates and speeds,
Equation 2 results in zero complexity. However, a lot
of DIs might be created if one of the aircraft changes
its heading and/or climb rate and/or speed. This will
not be a real problem as long as there is a lot of space
between the interacting elements to react properly
and in time.
As an example, consider the case in which a bird
control vehicle is allowed to access an airport runway
instead of moving on their own road alongside the
runway. In this case, two different types of elements
– a car and an aircraft on its final approach – are moving through the same sub-space at significantly differing speeds. Furthermore, the bird control vehicle has
no communication with the aircraft, and each is under
a different control authority. This alone is a three-fold
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violation of the requirements for minimal complexity.
A delay of the bird control vehicle in evacuating the
runway as an aircraft makes its final approach can
lead to a significant reduction in the time window for
the aircraft to land safely. The aircraft could be forced
to perform a go-around. But this go-around will take
place in an airport configuration with crossing runways,
which will generate a completely new set of unplanned
DIs as other aircraft take off from the crossing runway.
This may not be a problem – if the air traffic controllers
are trained for this exceptional situation, their HP factor will be 2 or 1, and the dynamic increase in system
complexity will be limited.

described in the respective manuals, procedures and
so on. Stated differently: for safety, we focus on the
deviation of the actual dynamic system complexity
(WaD) from the static, planned system complexity
(WaI). Our hypothesis is that their ratio will be related
to safety outcomes, as shown mathematically in
Equation 5 below.

11.7 C
 omplexity in relation to safety:
our hypothesis

11.8 Conclusion

The complexity of a system is not directly linked to
safety. Complexity only determines the number of
measures needed to control the system: the higher
the complexity of a system rises, the more advanced
the technical and human resources need to be, and
the more important communication and anticipation
become to control it. In our hypothesis, safety is at
stake when unplanned interactions arise, temporarily
increasing system complexity in an unplanned way (a
situation we did not foresee when planning the nominal control measures). Our hypothesis is that higher
scores of Relative Perceived Complexity, in which
RPC = [(SCactual / SCdesigned) * HPactual/ HPdesigned],
result in less safe outcomes when controlling the system towards the objectives (e.g., in terms of quality,
productivity and efficiency). The terms ‘designed’ and
‘planned’ system complexity refers to the system as

In this expression, the SLdesigned and HPdesigned
values could be set to ‘1’, representing nominal
situations. The time-dependent information about the
positions of the system elements (dij-actual) allow the
performance of the rest of the calculations.

In this section, we first defined complexity as a metric
consisting of the total number of direct interactions
between all system elements themselves in combination with the factors that support the controller in
their control task (such as communication and anticipation, and technical and human resources). We then
added the human performance metric (HP) to arrive
at system complexity as perceived by the operator:
SCperceived. Finally, we postulated that complexity
is not directly linked to safety, but that unplanned,
dynamic increases in perceived complexity are
linked to safety via their relative perceived complexity.
As a consequence, ways to maintain safety include
preventing circumstances that might lead to a dynamic increase in SC, as well as intensive controller
training to enable them to handle the consequences
of these unforeseen circumstances (minimising
HPactual).

12

C
 ASE STUDY: WORK-AS-DONE VERSUS WORK-AS-IMAGINED

This case study concerns the aircraft turnaround process of a European airline with about 100,000 flights
per year. It focuses on activities at the apron of the
airline’s home base between blocks-on and blocks-off.
The airline under consideration uses a platform with
32 aircraft positions and a gate with 6 aircraft docking
positions.
Figure 4 depicts a diagram of an aircraft and its
associated ground servicing equipment at a typical
platform position.
Method
During a period of four months, a researcher joined
various turn-around teams for approximately two
days per week. Observations of ‘procedures as done’
were compared with formal instructions as documented in company procedure manuals.
Based on the observations, the turn-around process
was also represented as a FRAM model. The main
purpose of this model was to make interactions
between various tasks explicitly visible.

Results
A comparison of platform observations with documented procedures identified 59 instances of
differences between Work-as-Done (WaD) and
Work-as-Imagined (WaI). The distribution across
activity types is shown in Table 5.
The main reasons for deviating from published
procedures were perceived uselessness (e.g., a
brake check of each vehicle before using it) and
impracticality (e.g., the use of gloves). Sometimes,
time pressure combined with interactions between
activities to lead to a different order of task completion than the one described in the published
procedures. Some procedures were also outdated
and therefore not applicable.
Employees mainly deviated from written procedures
to complete the work faster or more easily. Situations
in which deviations from written procedures resulted
in visible safety occurrences were not observed.

Table 5: N
 umber of observed differences between WaD and
WaI per activity.
Activity

(5)

Number of differences

Pre-arrival check

5

Arrival check

14

Ground power unit

2

Stairs

6

Doors

4

Luggage

5

Refuelling

4

Departure check

16

Safety at work

3

Figure 4: Aircraft and associated ground servicing equipment
at a typical platform position.
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13 C ONCLUDING REMARKS
This document describes the development of two
alternative safety performance metrics to help aviation organisations verify the safety performance of
their organisations.
1. T
 he AVAV-SMS tool measures three areas within
an organisation’s Safety Management System:
Institutionalisation, Capability and Effectiveness.
It is most useful for small and medium-sized
enterprises (SMEs).
2. T
 he AVAS-SCP tool measures three areas in the
organisation’s safety culture prerequisites to
foster a positive safety culture: Organisational
plans, Implementation and Perception.
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Field testing shows that both tools are useful to
organisations that want to self-assess their SMS and
safety culture prerequisite levels and proceed to
comparisons among various functions and levels
and/or over time.
We also conceptually developed safety metrics based
on the effectiveness of risk controls, the scarcity of
resources and system complexity. More research is
required here to determine whether these provide
viable solutions.
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