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Safety in air trafﬁc is a multilayered concept and consists of many safety barriers. The practical side of
increasing safety is mainly based on analysing the causes of accidents and incidents. This analysis leads
to ﬁnding gaps in the safety structure and to developing corrective recommendations in order to
eliminate them. In this paper we indicate that this practice is insufﬁcient. Most incidents could
transform into accidents with fatalities. The standard method of investigating incidents does not answer
the question as to whether safety barrier is permanent or whether it was activated accidentally. This
paper proposes a new method for analysing incidents aimed at ﬁnding their consequences rather than
their causes. This makes it possible to ﬁnd areas that need improvement. Stochastic, timed, coloured
Petri nets were used for the analysis. There are three types of air trafﬁc incidents, distinguished
according to events that lead to a transformation of an incident into an accident: causal and temporal.
The hybrid case, in which both types are important, has been discussed in detail. The method is useful in
evaluating the current level of safety in air trafﬁc. Applicability of this method has been shown on the
example of the runway incursion problem.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Safety in air trafﬁc is a multilayered concept and consists of many
safety barriers: organisational, technical and procedural barriers. Their
task is to protect participants of the transport process from events
with potentially catastrophic consequences. Trafﬁc accident investigations are conducted in terms of searching for the reasons and
circumstances that were favourable for these events. The present
studies were carried out within the existing organisational structures
that make use of well-established and legally sanctioned methods and
procedures ([20,32]), which are directed at determining the causes of
accidents and making preventive recommendations aimed to eliminate them, and indirectly to prevent the occurrence of analogous
events in the future. Of course, incidents (serious incidents) are also
examined in the same way. This examination of incidents, as is the
case for accidents, is focused on searching for the reasons why they
occurred.
In this paper a new method of trafﬁc incident analysis is proposed.
This method is based on an exploration of the possible scenarios for
the development of an incident and on checking what other effects it
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could bring about. This approach allows us to evaluate and to verify
whether any particular case of an incident that did not transform into
an accident was the result of hedging activities or whether this was
pure coincidence. In the latter case one should suggest preventive
recommendations relating to those scenarios that did not actually
occur. In other words, there is a common belief that safety barriers will
work forever and that they will work in slightly different circumstances, such as worse weather conditions or worse technical conditions of the vehicle, etc. However, the fact that the safety barriers
worked during a particular incident does not guarantee that they will
work in any other case. This applies especially to complex systems
working in the long time horizon, assuming that they can be subjected
to threats which we are currently not even able to imagine. A similar
approach is presented in works on resilience engineering [30,11].
A somewhat similar approach was recently presented by Khakzad
et al. [38].
In this paper we propose a quantitative analysis of scenarios in
which serious incidents could have transformed into accidents but
did not do so. The proposed approach is illustrated by air trafﬁc
examples. Due to the special role of airports in logistics chains, the
analysis was carried out for an aerodrome trafﬁc incident. The
studied case belongs to the class of so-called Runway Incursions
(RIs). The International Civil Aviation Organization (ICAO) deﬁnes
these as “any occurrence at an aerodrome involving the incorrect
presence of an aircraft, vehicle or person on the protected area of a
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surface designated for the landing and take-off of aircraft” ([33]).
The most common RI types are:





take-off without the air trafﬁc controller’s (ATC) permission
aircraft runway crossing after landing contrary to ATC clearance
issued ATC taxi clearance in conﬂict with other ATC clearance
unauthorised runway incursion of people, vehicles or animals.

There are many factors that affect this type of event, e.g. weather,
the airport’s conﬁguration, conditional control clearances, simultaneous use of intersecting runways, phraseology, the use of several
languages for controller-pilot communication, workload, etc. It constitutes a broad class of occurrences, with possible consequences of a
most serious nature, thus much attention in the activities of organisations responsible for the safety of air trafﬁc is devoted to it. According
to Eurocontrol statistics for the period 2008–2011, the number of RIs
was close to 0.06 per 10,000 ﬂights [18,19]. According to the U.S. FAA
(Federal Aviation Administration) ([23]), in the airspace of the United
States from 2004 to 2007, 1353 RIs were recorded for about 248
million take-offs and landings, which gives an average of 5.46∙10  6
per ﬂight, i.e. a similar likelihood of this phenomenon as in Europe.
The current strategy of the European Aviation Safety Agency
(EASA) is to focus on ﬁve key operational problems in air trafﬁc—
the so-called “top ﬁve”. These also include runway incursions (RIs).
The analysed incident that is a typical representative of the RI
category applies to taxiing against ATC permission along with
crossing a runway that is in use. Contributory factors are also
typical, such as outdated maps, poor situational awareness and
communication errors. The proposed method can be applied to a
whole runway incursion class of occurrences. It can be used not
only for error detection but also for error recovery [40].
In Europe, EUROCONTROL Safety Regulatory Requirements
(ESARRs) have been developed which discuss various aspects that
affect the overall level of safety in air trafﬁc. The European Organization for the Safety of Air Navigation EUROCONTROL has undertaken
efforts to develop standardised methods and tools of risk management, particularly to determine the acceptable (tolerable, target) level
of safety [16]. At present, the ESARR regulations are a part of the
European Community Law, thus they have increased legal effect. This
has been possible thanks to the Single European Sky (SES) initiative
and to transposition works performed mainly in the years 2007–2011.
The European regulations [21] divide events with the participation of
ATM (Air Trafﬁc Management) into ﬁve categories:
 accidents, which include: mid-air collisions, collisions on the
ground, controlled ﬂight into terrain (CFIT), total loss of ﬂight
control
 serious incidents: a signiﬁcant loss of separation (separation of
less than half the allowable minima), and neither the crew nor
the air trafﬁc controller is able to recover from the situation,
cases when the aircraft changes its ﬂight path in such a way
that in order to avoid a collision an abrupt manoeuvre is
required
 major incidents: a signiﬁcant loss of separation, but with the
crew or the ATC controlling the situation, a minor loss of
separation (separation greater than half the minima), with the
crew and the controller unable to recover from the situation
 signiﬁcant incidents: an increase in the workload of air trafﬁc
controllers and ﬂight crew, a minor loss of separation, with the
crew or ATC controlling the situation and fully able to recover
from the situation
 incidents without direct impact on safety.

usually deﬁned as the quotient of the number of accidents divided
by the number of ﬂight hours or, simply, the number of ﬂights [17].
These regulations deﬁne the tolerable level of risk just for the
“accidents”. If the current level of safety is worse than the TLS, one
must propose solutions to improve it. At the moment, TLS is
understood as the maximum value of the probability of an
accident; for commercial aircraft it was adopted as being equal
to 1.55  10  8 accident on a ﬂight hour, or 2.31  10  8 accident on a
ﬂight [17]. CLS forecasts should be made with respect to any
change (technical or organisational) in the air trafﬁc management
system. The task of determining the current level of safety can be
difﬁcult in practice. For small- or medium-sized countries the
annual number of operations is small and the number of accidents
per year is often zero (or at most a few). This prevents accurate
determination of CLS.
One method of solving this problem is to determine the level of
safety on the basis of data on air incidents which are obviously
more frequent than air accidents [14]. Unfortunately, the target
level of safety for that category of events has not been speciﬁed. It
has been planned that the standard will be deﬁned in the future,
but it is not certain whether such a standard could be practically
accepted as air trafﬁc incidents are very different in nature and the
severity of effects is also different. Also, the combined examination
of all incidents prevents one from understanding the real causes
that led to them.
Another method is to treat a serious incident as “a partial
accident”. By knowing the number of serious incidents and the
likelihood of their transformation into accidents we can estimate
the number that might be called the expected value of the number
of accidents. The method of incidents analysis as proposed in this
paper allows one to estimate the probability of the transformation
of an incident into an accident.
The latter method is based on the number of serious incidents
and the likelihood of their transformation into accidents. The
objective of this paper is to develop a new method for the analysis
of incidents—focused on exploring the consequences and not the
causes. An accident model is created based on the model of a real
incident and by taking incident development scenarios into
account. Its analysis allows us to estimate the probability of the
conversion of an incident into an accident as well as the probability that the scenario will take place.
The work is structured as follows: Section 2 brieﬂy presents the
speciﬁcity of the problem of air trafﬁc safety in the vicinity of an
airport. Also, some works on the modelling of trafﬁc safety in the
airport area are discussed. This section provides a classiﬁcation of
major incidents in transport into three groups along with references to literature and a selection of serious incidents with hybrid
characteristics as the object of interest in this work; Section 3
presents an overview of the Petri nets; Section 4 describes the
method of analysing the likelihood that a serious incident will turn
into an accident; Section 5 presents a comprehensive example of
applying the proposed method of analysis. Real data from a serious
air trafﬁc incident which occurred in 2006 at Warsaw Chopin
Airport was used for this purpose. Petri nets modelling the actual
incident and also the accident into which the incident could be
transformed were shown. Results of the simulation research of the
model is discussed; Section 6 provides a summary and the
conclusions.

2. Airport trafﬁc safety modelling—Literature review
2.1. Airport operations and air trafﬁc control

Regulations [21] require that member states determine the
current level of safety (CLS) and then make their evaluations by
comparing them to the target level of safety (TLS). TLS and CLS are

The airport is a separate area on land, water or another surface
which is intended for the arrival, departure and surface movement
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of aircraft. The airport is a complex object of clearly distinguished
elements and the relationships between them, therefore it is a
system. The area of the airport is the part of controlled airspace in
which the majority of the ﬂight operations is concentrated in.
Airport trafﬁc includes all operations related to aircraft landing,
taxiing, ground handling, taxiing again and take-off. Landing is a
series of transition operations moving the aircraft from ﬂight to
ground operations. Touchdown is followed by the roll on the
runway where speed reduction takes place. When the speed is
adequate, taxiing on the taxiway to the apron occurs. The taxiway
provides a connection between certain parts of the airport, usually
between the aprons and places of access to the runway. After the
ground service, the aircraft commander reports to the tower
control (TWR) as ready for take-off. After receiving clearance,
the aircraft performs taxiing. Then, the aircraft receives permission
for line-up on the runway and subsequently receives clearance for
take-off. Next, take-off and the climb take place. After reaching a
height of 2000 ft, control of the aircraft is transferred to an area
control centre (ACC).
Safe organisation and management of the take-off and landing
operations are the responsibility of the tower control (TWR). In full
conﬁguration, the TWR consists of four positions ([33]):
 TWR controller—the controller ensures separations between
aircraft on approach as prescribed by the regulations, he/she
provides pilots with ACC permissions to perform the ﬂight and
allows take-offs and landings to take place
 Ground controller (GND)—is responsible for the ground movement of aircraft within the taxiways and runways
 Tower ﬂight data controller—arranges the exchange of information with other supervisory authorities and in consultation
with the TWR controller supports the movement of ground
vehicles at the airport
 Delivery controller—with access to the ﬂight plans database he/
she receives permission from the ACC and provides it to the
ﬂight crew.

2.2. The causes of incidents and accidents
As has been shown by numerous examples, airport trafﬁc is so
complex and so dependent on many unpredictable factors that
accidents will sometimes occur in this area. One of the major causes
of the problems is the pilot and controller workload [46] so the CD&R
(Conﬂict Detection and Resolution) systems are progressively implemented [58]. It is affected by many contributing factors, and avoidance
of such events is a major challenge for all services supervising the air
trafﬁc in the airport. The main problems in their work are:
 a large number of objects that must be managed, which forces
the distribution of tasks between several services—inadequate
coordination of their activities is often the cause of an air
incident [68]
 the crucial role of a human who, acting under conditions of a
shortage of time or under stress, makes mistakes arising from
shortcomings in training [24,25], sensory deﬁciencies, the
inability to correctly process an excessive number of signals
and information [1]
 the large dynamics of events which make the time to work out
a decision and to carry it out very short and the consequences
of even small mistakes—huge
 the variety of objects under management—aircraft, vehicles, or
ground maintenance equipment.
A major challenge for the safety of airport trafﬁc has been the
increasing range of implementations of automated systems. In [4]
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the acceptable level of automation was analysed. This approach
increases the chances of effective implementation of automated
support systems in air trafﬁc management. One of the most
serious causes of incidents and accidents is the human factor. In
[39], cases of similar mistakes made by controllers were examined.
It was found that a systemic approach needs to include human and
organisational considerations as well as technical and procedural
ones [10]. If not, the problem, or even a more complex variant, is
likely to recur. Similar results were obtained in [60,49].
2.3. Methods of air trafﬁc events modelling
Numerous attempts have been undertaken to develop effective
models of airport elements which would enable an analysis of the
impact of various organisational activities on the safety of airport
trafﬁc. These use various methods of mathematical modelling,
which include, among others, dynamical programming, fuzzy sets,
queuing models, and hierarchical Bayesian models. In [12], a
dynamic programming approach was used for airport capacity
allocation. In [31], hierarchical Bayesian modelling was used to
gain a better understanding of the impact of new safety measures
on mitigating rare and extreme events. An interesting approach to
the problem of modelling airport operations was presented in [50].
On the basis of the fuzzy sets theory, a model for determining
runways in use was elaborated. It could help controllers evaluate
their own solutions or provide suggestions of new solutions to this
problem. A multi-criteria analysis of the causes of a serious air
trafﬁc incident was presented in [63]. An interesting attempt to
analyse airport trafﬁc safety was presented in the work [2]. The
location and consequences of accidents were studied, and in
particular aircraft overruns, veer-offs, and obstacle striking.
2.4. Petri nets in air trafﬁc processes modelling
Convenient tools for analysis of trafﬁc processes in transport are
Petri nets. Some examples in airport safety analysis include [9,53,69].
Most of them, however, concerns the modelling of en-route air trafﬁc
[51,52,45,3]. The general approach to using coloured Petri nets in
modelling aircraft operations can be found in [22]. In [53], a model of
forward-looking planning of the arrival process at the airport is
presented. It is implemented in CPN Tools (as in the current study),
thus indicating the usefulness of this package in simulation analysis of
air trafﬁc in the vicinity of the airport. A similar issue has been
discussed in [6], where the authors present the Petri net to model
simultaneous instrument approaches on the converging runway
combination 19R and 22 at Schiphol. Coloured Petri nets with the
use of the CPN Tools package were also used to model one-runway
operations in [41], which was continued in [42]. Stroeve et al. [65,66],
used Petri net modelling for risk assessment of runway incursion
scenarios. A similar approach was implemented in [26]. Petri nets
were also used to represent human factors problems during accident
analysis [37].
Petri nets have also been used to analyse various aspects of
trafﬁc problems in other modes of transport. In [59], the general
concept of modelling trafﬁc processes in transport was described.
Similarly, for instance [27] dealt with maritime trafﬁc, and [34]
with rail trafﬁc.
2.5. Modelling tool—CPN Tools 4.0
In this paper an analysis was carried out using the CPN Tools
4.0 package [54,70,36]. It allows for easy simulation of the model
in the form of a Petri net. By using monitors (connected with
transitions or places) provided by this package it was possible to
record a number of characteristics of the system that were
necessary for determining the likelihood of an incident–accident
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transformation. CPN Tools is gaining increasing recognition among
researchers using Petri nets. This is mainly because it offers a
combination of graphical network editor, simulator and analysis
capabilities in the state space. CPN Tools also allows to create a
hierarchical network with multiple page synchronisation mechanisms. Additionally, it supports REAL and TIME colour sets and has
good support for timed analysis. CPN Tools uses the CPN ML
language to specify declarations and net inscriptions. This language is an extension of the functional programming language
Standard ML that was developed at the University of Edinburgh.
From the point of view of modelling incidents of the hybrid type
(as in this paper), CPN Tools 4.0 provides an excellent tool that
allows one to easily take into account both the dynamic nature of
events and also static logical conditions. This is a key feature of the
method proposed in this paper.
2.6. Quantitative analysis of air trafﬁc incidents
The problem of investigating incidents and accidents was analysed
in [64]. It was noted that contemporary methods of analysing the
causes of accidents are not fully proactive. More general comments on
the lessons to be learned from accident analysis can be found in [44].
Roelen et al. [56] suggested the need to use multiple methods
simultaneously. Building a model that represents possible causal event
sequence scenarios that include technical, human and organisational
factors is a huge task and requires a combination of detailed knowledge of all aspects of the system, the processing of huge amounts of
data, a substantial mathematical background and the ability to capture
all of this in a user-friendly software tool to be used by safety analysts
[65,66]. Recently, Ford et al. [24,25] analysed some issues regarding
the instrumentation and monitoring of surface movements to determine the symptoms of increased collision potential. Similar work on
monitoring movements was conducted at Heathrow [29].
While analysing the risk of occurrences with the use of an
event tree or a fault tree there are many elements whose
probabilities we do not know [67]. In addition, events are
dependent on one another, which makes analysis more difﬁcult.
In the literature we can ﬁnd many attempts to determine the
likelihood of an accident, including the use of Petri nets. The most
developed method in this area is the method of risk analysis called
TOPAZ [5,7]. This method allows for a quantitative analysis of the
process leading up to the accident. It is a safety assessment
methodology designed for the evaluation of existing or future
ATM operational concepts. It is based on a stochastic modelling
approach. The main idea is to assess accident risk in a cycle that
consists of four sequential stages, i.e. identiﬁcation of operation
and hazards, mathematical modelling, accident risk assessment,
and feedback to operational experts.

the event tree (ETA), which allows to specify scenarios leading
up to the accident and then to determine the probabilities of
these scenarios. This method was used in [61], where usefulness of Petri nets for an analysis of similar cases was shown. In
a situation where some of the events in the tree are related to
human error, we have to determine their likelihood by using
expert judgment [57]. This leads to an uncertainty, mainly of a
linguistic nature, which can lead to searching for solutions in
the ﬁeld of fuzzy systems [15]. Such an approach, based on an
analysis of event trees with fuzzy probabilities, was used in
[47]. It has been shown that elimination of one of the safety
barriers leads to an accident. Moreover, the fuzzy probability of
such an elimination was calculated. It was pointed out that,
unfortunately, the recommendations arising from the standard
procedure of searching for the causes of incidents do not relate
at all to this important issue.
2. Incidents in which the conversion into an accident depends on a
favourable or unfavourable time sequence, whereas all the premises necessary for the accident have, in fact, taken place. This
case was analysed in [62]. In this example of an air trafﬁc incident
a fundamental role is played by time dependencies. The probability that two aircraft taking off will be at an intersection of the
runways is in this case equal to 1. Only the time when they reach
this point decides whether an accident will occur or not. In [62],
both analytical and simulation methods for determining the
probability of an accident were shown.
3. Incidents of a hybrid nature in which the conversion of an
incident into an accident needs both the existence of a
sequence of additional events and some speciﬁc time dependencies between events. This is the general case and will be
discussed in detail later in this paper.
3. Petri nets
In many types of systems, Petri nets provide a convenient way
of analysis. Many applications may be found in software engineering where they are used particularly to describe concurrent
systems. There is a large range of literature on this subject, e.g.
[55,35,13], which also contains an extensive bibliography of the
topic. In this paper an example of using Petri nets for modelling air
trafﬁc safety problems is shown, but a similar approach can be
applied to other modes of transport.
The basis for building a Petri net is a bipartite graph containing two
disjoint sets of vertices called places (designated by circles) and
transitions (rectangles). The arcs in this graph are directed. A characteristic feature of the graph used in Petri nets is that the arcs have to
combine different types of vertices. Below are presented brief deﬁnitions of timed and coloured Petri nets used in this paper.
A timed Petri net (TPN) is described as [48]:

2.7. Types of air trafﬁc incidents

ST ¼ fP; T; I; O; H; τ; M 0 g

If we look at the reports of committees investigating the causes
of trafﬁc incidents which occurred in the vicinity of airports (in
procedures of taxiing, take-off, approach and landing), we will see
that there are three main types of air trafﬁc incidents. This division
was made with regard to the nature of the factors necessary to
transform an incident into an accident. Determining these factors
is a typical element of the report prepared by an accident
investigation committee.

where P—set of places, T—set of transitions, T \ P ¼ ∅, I, O, H, are
functions, respectively, of input, output and inhibitors, I, O, H: T-B
(P), where B(P) is the superset over the set P.
Given a transition t A T, it can be deﬁned as:

1. Incidents in which the conversion of an incident into an
accident depends on the occurrence of certain events. This
group includes those incidents in which all temporal sequences
indicate the occurrence of an accident, but the activation of a
safety barrier prevents it from happening. In the case of such
incidents, the most efﬁcient method of research is analysis of

ð1Þ



t þ ¼ p A P : I ðt; pÞ 4 0 —input set of transition t


t  ¼ p A P : Oðt; pÞ 4 0 —output set of transition t
o
t ¼ p A P : H ðt; pÞ 4 0 —inhibition set of transition t
τ : T-ℝ þ —delay function, specifying static delay τ(t) of transition t
M 0 : P-Z þ is the initial marking, i.e. a function assigning an
integer to a place. We also say that the marking speciﬁes the
number of tokens assigned to each of the places. Initial marking,
along with the rules governing the dynamics of the net, i.e. the
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priority of transition t; this function applies only for transitions
that are simultaneously active; in this situation a free choice of
transition to be ﬁred is possible.
In the presented method of analysis the most important
property of the Petri net is the reachability of selected states
(markings) from the initial marking M0. It allows to assess the
probability and time of transition to those selected markings.
Particularly important are the dead markings because they illustrate the ﬁnal situations in which we can assess whether the trafﬁc
process will result in a collision or the trafﬁc process was safe. This
allows to quantify the probability of an accident and thus the level
of trafﬁc process safety.
In the following sections of the paper the term “marking” and
“state” will be understood as synonyms and will be identiﬁed with
the nodes of the reachability graph.
As was mentioned earlier, reachability graph G is the basic tool
for quantitative analysis of the safety of trafﬁc processes in
transport as modelled by using Petri nets:

rules of marking changes, determine all possible reachable
markings.
Transition t is called active in marking M if and only if:
8pAt þ ;

M ðpÞ Z I ðt; pÞ 4 8 p A t o ;

M ðpÞ o H ðt; pÞ

ð2Þ

Firing of transition t, active in marking M, removes from any
place p belonging to the set t þ as many tokens as function I ðt; pÞ
determines. At the same time it adds to any place p from the set t 
as many tokens as determined by the Oðt; pÞ function. This means
the ﬁring of transition t will change actual marking to M 0 such that
M 0 ¼ M þ Oðt Þ I ðt Þ

ð3Þ
0

This relationship is written brieﬂy M½t〉M . We then say that M0
is reachable directly from M. If the M-M 0 transformation requires
ﬁring a sequence of transitions σ, then we say that M0 is reachable
from M and denote M½σ 〉M 0 .
Characteristics on transitions may determine the time associated with the ﬁring of the transition in different ways. In
particular, this value may be described by a deterministic or a
random variable with a given probability distribution. In the latter
case we can talk about the stochastic network.
Coloured Petri nets (CPNs) have the ability to deﬁne tokens of
different types. A token type is called a colour. Each place in the
coloured net is assigned a set of colours that it can store.
Expressions are assigned to arcs and transitions that allow to
manipulate various types of tokens. It is possible to combine the
idea of CPNs and TPNs.
The airport trafﬁc model presented in this paper can therefore
be written as


SAT ¼ P; T; I; O; H; M 0 ; τ; X; Γ ; C; G; E; R; r 0 ; B
ð4Þ

G ¼ 〈M; T; S〉

8 ðM 1 ; t; M 2 Þ A S : M 1 ½t〉M 2

1`0@100

P3
A

ð6Þ

This graph often contains an enormous number of states, which
makes it difﬁcult to analyse, thus its reduction is necessary. The
method of construction of the reachability graph will be presented
based on an example of a simple Petri net as shown in Fig. 1. This
net is used only to illustrate the process of creating the reachability set and reachability graph. It is in no way connected with
the example of the incident discussed later in this work. The
places P ¼ fP1; …; P8g are marked as circles, and transitions
T ¼ fT1; …; T7g as rectangles. White rectangles stand for timed
transitions which are characterised by their duration. Black rectangles are immediate transitions. The Petri net is coloured, so
each
place has a speciﬁc colour that it can store. Set Γ is equal to

A ¼ ℝ; B ¼ Z þ ; C ¼ Z þ . This example of the Petri is TPN with
timestamps connected with tokens.
The set of all possible states, called the reachability set, corresponding to this net is presented in Table 1. For each marking, places having
tokens are speciﬁed, and so is the number of tokens; for example, for
marking M4 notation p2 þp3 þ2p7 means that the state M4 corresponds to a situation in which there is one token in each of the places
p2 and p3 and there are two tokens in place p7. In addition, for each

(0)@100
P5

ð5Þ

where M—set of nodes reachable from the initial marking M 0 ,
corresponding to the Petri net markings (states of the trafﬁc
process), T—set of arcs illustrating direct reachability between
markings, labelled by the names of the transitions, S—ternary
relation S DM  T  M, satisfying the condition.

where M 0 : P-Z þ  R—initial marking, τ : T  P-ℝ þ —delay
function, specifying the static delay τ(t) of transition t moving
tokens to place p, X : T  P-ℝ þ —random variable, describing the
random time of carrying out transition t leading to place p, Г—
nonempty, ﬁnite set of colours, C—function determining what
colour of tokens can be stored in a given place: C : P-Γ , G—
function deﬁning the conditions that must be satisﬁed for the
transition before it can be ﬁred; these are the expressions containing variables belonging to Г, for which the evaluation can be
made, giving as a result a Boolean value, E—function describing the
so-called weight of arcs, i.e. expressions containing variables of
types belonging to Г for which the evaluation can be made, giving
as a result a multiset over the type of colour assigned to a place
that is at the beginning or the end of the arc, R—set of timestamps
(also called time points) closed under the operation of addition,
R D ℝ, r0—initial time, r A R, B : T-ℝ þ —function determining the
1

41

@+20
T5

i

i+1

1

T4

C

C

2`x

i

P4

i

1`0.0@0
1`0.0@0

x

T7

x

P6

T6

2`x

P7

A

x

1`0@0
(0)@0

@+120
i

P1
B

T1

i+1

A
i+1

x
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marking its liveness are determined. Dead states are marked with the
letter D. These are states in which no transition is enabled. They are
particularly important in a quantitative analysis of the safety of trafﬁc
processes as they allow to assess the effects of a given scenario of the
development of a trafﬁc situation.
The reachability graph corresponding to the example Petri net
is shown in Fig. 2. The essence of this graph is to determine which
transition needs to be ﬁred in order for the system to change from
one marking to another. Vertices that do not have successors
correspond to dead states.

incident is, that its transformation into an accident requires only
additional one or two events. And only the probability of that one or
two events requires the calculation. This deﬁnitely reduces the scope
of analysis and also reduces the uncertainty of risk estimation. At the
same time this approach is adequate to achieve the goals of analysis, i.
e. to determine the probabilistic dependencies between a serious
incident and an air accident. As a result of ﬁnding such a relationship
it would be possible to estimate the number of accidents just on the
basis of knowing the number of incidents.
4.2. General assumptions

4. Method of incident analysis
As is widely known, air trafﬁc occurrences are almost always
the result of a combination of many different factors. During the
development of a dangerous situation in time there are also
inhibitory factors that hinder or prevent this process. Preliminary
analysis of various air trafﬁc occurrences indicates that for events
classiﬁed as serious incidents there would be sufﬁcient occurrence
of only one additional conducive factor or the termination of only
one inhibiting factor and a serious incident could have become an
accident. There are also incidents where all factors determining
the existence of the accident are present and only a lucky time
sequence of events causes that that accident in fact does not occur.
Such incidents may also be evaluated against the probability of
becoming accidents with the use of the method introduced in this
paper. This is possible through the use of timed, coloured Petri
nets.

4.3. Representation of air trafﬁc processes by a Petri net

4.1. Purpose and scope of the analysis
The method presented in this paper is based on analysing only
those additional factors or time dependencies that determine transformation from serious incident into the accident. We do not need to
consider events and scenarios (and their probabilities), which led to a
serious incident. Because serious incident had occurred! These events
are usually several dozen, many of them related to the human factor
and very difﬁcult to determine. A characteristic feature of a serious
Table 1
Reachability set for an example Petri net.
M0
M3
M6
M9
M12

p1 þ p3 þp6
p1 þ p3 þ2p5
p2 þ p4 þ2p7
p4 þ p7 þp8
2p8

D

M1
M4
M7
M10
M13

p2 þ p3 þp6
p2 þ p3 þ2p7
p2 þ p4 þ2p5
p2 þ 2p7 þp8
p7 þ 2p8

1. We analyse only serious air trafﬁc incidents that are characterised by only one additional adverse event that would be
necessary to cause an accident. We do not study the probability
of occurrence of an incident but the probability of its transformation into an accident. By knowing the number of serious
incidents and the likelihood of their transformation into an
accident, one can estimate the expected number of accidents.
2. Each incident that is analysed can be classiﬁed into one of the
pre-deﬁned causal groups.
3. We have a description of the time dependencies of the
activities of individual participants of the event.
4. Adverse development of the events could in a real situation
lead to an accident instead of an incident.
5. A hybrid case is considered. It is one in which the transformation of an incident into an accident needs additional events of a
logical nature and a speciﬁc time sequence of events.

M2
M5
M8
M11
D

p1 þp3 þ 2p7
p2 þp3 þ 2p5
p2 þp7 þ p8
p2 þ2p5 þ p8

D

The following methodology of analysing air trafﬁc processes in
terms of Petri net elements was adopted:
(a) The set of places P corresponds to trafﬁc situations in which a
plane can be found during normal trafﬁc. These situations refer
both to the location of the plane in the airspace as well as to the
issue of speciﬁc permits (clearances). Set P may include, e.g.
situations such as: aircraft ready for take-off, occupied runway,
plane at the intersection of runways, taxiing started, etc. Additional elements of this set are situations describing the state of
the environment, such as: less than 400 m of visibility, ATC
controller is busy, the pilot of another aircraft is watching the
situation on the manoeuvring area, etc. The trafﬁc situation may
relate to a single aircraft which is modelled with the occurrence
of a single token in place p A P. It may also involve many planes
simultaneously; then the number of aircraft is modelled with

Fig. 2. Reachability graph for an example Petri net.
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more tokens (MðpÞ 4 1). Since the trafﬁc situation refers to a
speciﬁed airspace which has limited capacity, places in the model
will be characterised by capacity K.
(b) The set of transitions T corresponds to the set of events (actions) that
change the trafﬁc situation, particularly affecting the safety of
manoeuvres. These are events such as: ATC controller allows for
take-off, plane taxiing on a certain taxiway, plane does not stop the
actual manoeuvre. These events can be characterised by two values:
the time of their duration and the priority, deﬁned by the probability
of events taking place that can occur simultaneously. Activation of
transition depends on the presence of an adequate number of tokens
in the input places but may also depend on the occurrence of certain
additional conditions, particularly those characterising the time of
appearance of tokens in the input places. The rules of activation and
ﬁring of transitions determine the dynamics of the researched
process. In this case a stochastic Petri net was used. The term
“stochastic” means that the time delays occurring in the net are
partially random values of given probability distributions; the network structure itself, however, is deterministic.
(c) The input function I deﬁnes trafﬁc situations that determine the
occurrence of certain events. Output function O deﬁnes what event
(action) must occur to change the status of the analysed system,
and the inhibitor function H speciﬁes trafﬁc situations that must not
exist in order for certain events to occur. In many cases, functions I
and O take values that are greater than 1, which means that not
only is the existence of certain trafﬁc situations necessary, but also
the fact that a sufﬁcient number of objects take place in these
situations. This is signalled by a sufﬁcient number of tokens in
speciﬁed places of the net.
(d) The initial marking M0 deﬁnes the trafﬁc situation in which we
begin the analysis, and the current marking M describes the
current state of the system (process). If the time dependencies
play a signiﬁcant role in trafﬁc situation development, the
marking must be supplemented by a timestamp for each of
the tokens. The existence of different types of objects (e.g.
aircraft of different weight categories) determines the use of a
coloured Petri net, thus of tokens of different colours. In this
case, trafﬁc situations (places of the net) must also be characterised by the type of token.

a. Deﬁning the time of transition ﬁring as a deterministic value
corresponding to the actual duration of the modelled events
b. using inhibitor arcs or transitions priorities; they do not
allow the ﬁring of transitions before a speciﬁed physical
situation is completed, i.e. until another trafﬁc event occurs
c. a combination of both methods.
2. Reduction of the network, which consists in eliminating places
and transitions that do not affect the transformation of the
incident into an accident. Arcs that are adjacent to the removed
places and transitions are also removed. This step in the
method allows for a signiﬁcant reduction in the number of
states considered in the later stages.
3. Determining scenarios transforming an incident into an accident. These scenarios must take into account both the appearance of additional events and the absence of inhibiting events.
Scenarios selection is important for the method, as scenarios
should recognise hardware failures, wrong decisions on the
part of the controller and pilot, failure to comply with controller recommendations, lack of situational awareness, and
adverse environmental conditions, including the weather. On
the other hand, one should not unduly expand the area of
analysis beyond factors that are closely related to the incident
and process of its transformation into an accident.
4. Creation of a model of an accident by taking into account
reduction of the network and all the possible scenarios as
deﬁned in step 3. This step requires the identiﬁcation of nodes
and arcs that must be added to the network. For newly added
elements it is necessary to determine their characteristics,
among others:
a. for places—capacity, colour, initial marking
b. for transitions—ﬁring conditions, execution time
c. for arcs—weights and characteristics depending on the type
of network, particularly those that are important for the
coloured network.

An analysis which aims to determine the probabilistic relationship between a serious incident and an accident in air trafﬁc may
proceed along two lines:
1. Based on the structure of the corresponding Petri net, by modelling
the investigated serious incident and hypothetical accident, one
can determine the reachability graph. Its analysis allows for an
analytical determination of the desired probability.
2. Simulations of a serious incident represented by a Petri net along
with recording the probability of staying in different states of the
system. In particular, it may be interesting to observe how often the
system passes to the so-called dead markings which correspond to
the transition of an incident into an accident. This frequency will
give the searched probability.

5.

6.

4.4. The algorithm of the method
The overall algorithm of the method is as follows:
7.
1. Creation of a model of a serious air trafﬁc incident as a Petri net.
It is necessary to take into account all of the events (leading to
or inhibiting the incident) and the time relations between
them. Proper determination of the time sequence of these
events can be obtained by:
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8.

In this step of the algorithm one should also consider which
elements of the network are to be stochastic and one should
take into account the relevant characteristics of random variables of the transition execution time. The aim of this procedure is mainly randomisation of the time sequence mentioned
in step 1 of the algorithm. Besides introducing the random
component to the time of transition ﬁring, also the removal of
most inhibitor arcs serves this purpose. The last part of this step
of the algorithm is to determine the initial marking M0.
Determining the reachability set and the reachability graph of
the developed Petri net. This step of the algorithm is also a part
of the model validation. It is necessary to check whether for all
dead states it is possible to determine if there has been a
transformation of an incident into an accident. If not, we are
dealing with a situation that requires a return to step 4 of the
algorithm and we need to re-examine the structure of the
network in order to eliminate any errors.
Extraction of system states which represent a transformation of
an incident into an accident. It is recommended to form a
structure of the model in such a way that it will not be possible
to continue ﬁring transitions at a time when it is already
known that in the course of the simulation the accident
occurred or that the conversion of an incident into an accident
is impossible. In other words, it is recommended to achieve a
situation where the ﬁnal states of analysis will be dead states.
Reduction of the reachability graph which is necessary in the
case of analytical approach.
Analytical or simulation determination of the total probability
of reaching states representing the accident. In this paper we
use a simulation method involving repeated execution of the
simulation experiment. The frequency of reaching the accident
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markings is the desired probability of a serious air trafﬁc
incident transformation into an accident.
5. Example—Serious air trafﬁc incident no. 270/06
A serious incident that took place in September 2006 at
Warsaw Chopin Airport will be presented as an example to
illustrate the method of analysis. Two aircraft, Airbus A320 and
Embraer EMB170, were the participants, and the cause of the
incident was classiﬁed as a “human factor” and causal group H4
—“procedural errors”. All of the circumstances of the incident, the
activities of the pilots and ATC services and the time dependencies
between the events are described in the protocol of the Commission examining the causes of the incident [8].
5.1. Description of the circumstances of the incident
The crew of the Airbus (A320) was approved by ground
controller GND to taxi via taxiway A, then taxiway E to the runway
threshold RWY 29 (Fig. 3). The pilot acknowledged the permission
properly, but then taxied incorrectly, i.e. by taxiway A4 straight to
the runway, rather than turning left into taxiway E1 and then via
taxiway E2 and E3 to the runway threshold. At the same time the
Embraer aircraft (EMB170) began take-off on runway RWY 29.
Taxiing by A4 resulted in a safety hazard for take-off on runway
RWY 29. In this situation the airport tower controller TWR issued
the command to stop to the EMB170 crew. The same decision was
made by the ground controller for A320. Both crews performed
the command.
A description of the circumstances of the incident as set out in
the statement of the Civil Aviation Authority does not specify what
kind of actions were planned by the A320 crew. These actions

were inhibited by the proper operation of both air trafﬁc controllers, but the plans are crucial for the analysis of a situation
which could consequently have led to an accident. It is not clear
whether the A320 crew was about to cross runway RWY 29 and
then taxi to the threshold via taxiways A5, A6 and L or via the
runway itself. It is not clear where the A320 aircraft stopped, i.e. on
runway RWY 29, in front of it or behind it. For the purposes of this
study it is assumed that the intention of the A320 crew was to
cross runway RWY 29 and to taxi via taxiways A5, A6 and L to the
threshold of runway RWY 29. It is also assumed that the decision
to stop A320 took place just before incursion of the runway under
consideration took place. This assumption results in an expansion
of the area of analysis because it requires consideration of the:
 potential errors by the GND controller
 possibility of rejection to stop A320
 relationship between the moments of reaching the intersection
of a taxiway with runway RWY 29 for both aircraft.
This is the widest possible area of analysis in this case. It is
reﬂected in the presented scenarios of incident continuation.
5.2. Model of the incident
Air event 270/06 was classiﬁed as a serious incident due to the
fact that continuation of A320’s taxiing and EMB170’s take-off
could have led to a crash. The factors contributing to formation of
the event include:
 Crew A320 failed to follow the GND controller’s clearance by
taxiing on the wrong taxiway despite a proper understanding
(repeating) of the clearance

Fig. 3. Warsaw Chopin Airport—aerodrome chart.
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 Crew A320 probably failed to read the NOTAM informing about
changes in taxiing procedures
 Construction work was being performed at the airport
 Jeppesen maps were outdated; they did not represent the real
situation at the airport which was connected with the
construction work.

Scenario 1 (S1). The GND controller after issuing taxi clearance and
making sure that the A320 crew properly understood it (which
occurred in the actual case as the crew correctly repeated the
clearance) does not monitor the actual execution of this procedure.
In fact, this also corresponds to the situation when the GND
controller notices incorrect taxiing and issues the command to
stop the taxiing, although it will be too late and there will be no
opportunity to avoid A320 runway incursion.
Scenario 2 (S2). The TWR controller only deals with observation
of his/her own area of responsibility and does not pay attention
to the taxiway, and therefore does not see the risk in EMB170’s
take-off. In fact, this also corresponds to the situation when the
TWR controller notices incorrect taxiing and issues a command
to interrupt the take-off but it will be too late and there will be
no possibility to stop the EMB170 aircraft from reaching the
collision point.
Scenario 3 (S3). The crew of either aircraft involved in the
incident do not respond to a command to stop the actual
procedure. In reality, this corresponds to the situation when the
crew’s reaction time is too large and the aircraft cannot be
stopped before the collision point.
Scenario 4 (S4). Weather conditions (visibility) are so weak that
it is impossible to observe the actual trafﬁc situation. This
applies to both controllers. In the present case the weather
conditions were good, but if the same trafﬁc situation occurred
in poor visibility then the probability of an accident instead of
an incident would have been much greater.
Scenario 5 (S5). None of the aircraft crews notes a conﬂict
situation. In this particular incident there was a timely intervention of the controllers, so action based on either pilot’s own
observation and recognition of the conﬂict was not necessary.
However, in many real-world situations the aircraft crew
notices the threat ﬁrst and undertakes appropriate preventive
action. In the accident model, scenario S5 will be represented
by the times at which the ﬂight crews notice a threat. If this
time is too large, it will not be able to stop the aircraft before
the collision point.
Scenario 6 (S6). The time sequence of events (taxiing and takeoff times) is such that the A320 plane makes a runway RWY 29
incursion at precisely the same moment when EMB170, while
taking off, passes it, thus causing a crash.

Factors inhibiting the conversion of an incident into an accident
in this case were:
 A320’s movements were properly monitored by the ground
trafﬁc controller
 The trafﬁc situation around the airport was properly monitored
by the tower controller; this allowed him/her to notice the
incorrect manoeuvre of the A320 crew
 The controllers and crews of both aircraft responded appropriately to the events as they happened.
Both procedures (A320’s taxiing and EMB170’s taxiing and
beginning the take-off) did in fact take place simultaneously and
independently of each other. Only the ﬁnal decisions of the TWR
and GND controllers to retain both aircraft resulted from observation of the activities of both aircraft. A model of a serious incident
as a coloured Petri net is shown in Fig. 4. This model is the
realisation of step 1 of the method’s algorithm (Section 4.4).
Determining the model of the incident should be followed by a
reduction of the appropriate Petri net by considering the possible
consequences of the incident (step 2 of the algorithm). For this
particular incident model a reduction is not possible. However, in
the general case, this step of the algorithm often allows a
signiﬁcant reduction of the area of analysis.
Model of the incident is the starting point for further analysis and
may be useful particularly for practitioners from ANSPs (Air Navigation
Service Providers) involved in the analysis of the causes of air trafﬁc
events. However, the occurred incident can be also represented by the
accident model as will be explained in Section 5.5.1.
5.3. Determining accident scenarios and the model of the accident
In the analysis of the likelihood of incident 270/06 being
converted into an accident, one needs to consider both the
additional events and the time dependencies. It is therefore the
most general case.
In the analysed air event we may distinguish several scenarios
leading to the transformation of the incident into an accident (step
3 of the method):
A320 passes
TWY E1
1
P1

1

1`1

nr1

T3

As one can see, in scenarios S1–S3 and S5, it is most important if
it is possible to stop the aircraft before the collision point. These
are binary events—either the aircraft stops or it does not stop.
However, the process that determines this is dynamic. It is
required to consider both the response time of individual
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Fig. 4. Model of serious incident 270/06.
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synchronisation method, i.e. from synchronisation of events to
time synchronisation.
The Petri net modelling the process which might result in an air
trafﬁc accident (step 4 of the method) is shown in Figs. 5–9. It is a
hierarchical network consisting of ﬁve pages. The page titled Trafﬁc
contains the initialisation part and a fragment of the model mapping
the situation when both planes continue their movements. It is worth
noting that the arcs outgoing from transition t0 to places p1 and p2
explicitly deﬁne the fact that the taxiing aircraft and taking off aircraft
at roughly the same time are in the conﬂict zone. The page titled
Weather is responsible for checking the weather conditions. In this
paper it is assumed that the situations of good and bad visibility are
analysed separately. The page titled GND Monitor is responsible for
mapping the activities of the GND controller and the crew of the
taxiing A320 aircraft. The transition t10, along with its output arc
leading to place p12 are responsible for determining the random time
after which the controller (function GND_rt) or pilot (function A320_st)
notice the threat. In the former case, the possibility of stopping the
aircraft before the collision point is also determined by the random
crew reaction time (as determined by the function A320_rt). The page
titled TWR Monitor is responsible for mapping the corresponding
actions of the TWR controller and the crew of the taking off EMB170
aircraft. In the case when the conﬂict is recognised and the decision to
begin a rejected take-off procedure is taken, the fragment of the model
on the EMB stop page is responsible for verifying the possibility of
stopping the aircraft before the collision point.

controllers and crews but also of the dynamic characteristics
(speed, accelerations and decelerations) of aircraft movements.
The model takes into account all of these dynamic elements, but
the end result is the logical (binary) event—the conﬂict point is
either occupied or not. Scenario S4 will not be assessed probabilistically, as this analysis makes sense in a general risk assessment;
it does not in the case of studying a particular incident where the
weather conditions are known. However, the case of insufﬁcient
visibility is possible in reality and has a signiﬁcant impact on the
ﬁnal result of trafﬁc occurrence. The model assumes in scenario S4
that the conditions are sufﬁcient or insufﬁcient—without probabilistic analysis. Scenario 6 requires an analysis of the time
dependencies between the planes involved in the incident. We
denote by X1 a random variable describing the time at which A320
enters the runway, while by X2 a random variable indicating the
time at which the EMB 170 aircraft reaches the intersection of
runway 29 with taxiway A4. The condition for an accident to occur
is to implement scenario 6. Scenarios 1–5 modify the probability
of scenario 6. Of course, we should consider not so much the
equality of X1 and X2 but rather if the difference between them is
less than a given limit.
After determining the accident scenarios the network should
be extended with elements allowing for consideration of scenarios
leading to accidents. This extension entails the need to modify the
set of arcs. In this case the model must also take into account
modiﬁcations resulting from the change of the process
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Fig. 5. Main page (Trafﬁc) of the model of the accident raised from serious incident 270/06.
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Fig. 6. Page Weather of the model of the accident raised from serious incident 270/06.

INT

J. Skorupski / Reliability Engineering and System Safety 140 (2015) 37–52

47

Good visibility
P4
Wthr good
A320 continues
taxiing
(t+d/A320_speed,
0.0)
P5
A320 cont

(t,d)

T3

A320 stopped

[A320_speed*t1<d]

[A320_speed*t1>=d]

(t,d)

P1

2

P6

A320 stopped

1

A320

A320 stops

GND+A320
reaction

T10

t1

(t+t1,
d-A320_speed*t1)

T4

A320
A320 to cross
A320 continues
(t,d)

1

A320

INT
1

t1

Real.min(GND_rt()
+A320_rt(),A320_st())

P12
GND
time

REAL

Fig. 7. Page GND Monitor of the model of the accident raised from serious incident 270/06.
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Relations between the pages are implemented using fused
places. These places are labelled in the bottom left-hand corner.
All places marked with the same label are the same. It is a coloured
net containing four sets of colours:
 A320 ¼ ℝ  ℝ—the set corresponding to trafﬁc situations of the
A320 aircraft; the ﬁrst number represents the timestamp
assigned to a token in the place and the second number
represents the distance to the collision point
 EMB ¼ ℝ  ℝ—the set corresponding to trafﬁc situations of the
EMB170 aircraft; the ﬁrst number represents the timestamp

assigned to a token in the place and the second number
represents the distance to the collision point
 INT ¼ Z—the set used for the simulations counter and for
describing the weather conditions
 REAL ¼ ℝ—the set used for storing calculated aircraft speeds
and random pilot and controller reaction times.
The use of colours with a timestamp allows to track the time of
transition execution, and thus for an analysis of the timing
between the events. This enables an accurate simulation of the
course of the modelled event.
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Designations of places are as follows: p0—“weather test”,
p1—“A320 passes TWY E1”, p2—“EMB170 at RWY 29 threshold”,
p3—“poor visibility”, p4—“good visibility”, p5—“A320 continues
taxiing”, p6—“A320 stopped”, p7—“EMB170 continues take off”,
p8—“EMB170 has to break take off”, p9—“EMB170 at intersection
with TWY A4, ”p10—“EMB170 stopped”, p11—“speed”, p12—“GND
time”, p13—“TWR time”, p14—“continuation”.
The set of transitions contains the following elements:
t0—“reset”, t1—“bad weather”, t2—“good weather”, t3—“A320 does
not interrupt taxiing”, t4—“A320 interrupts taxiing”, t5—“EMB170
does not interrupt take-off”, t6—“EMB170 interrupts take-off”,
t7—“rejected take-off unsuccessful”, t8—“rejected take-off successful”, t9—“TWR and EMB170 reaction”, t10—“GND and A320 reaction”, t11—“GND and A320 cannot see”, t12—“TWR and EMB170
cannot see”, t13—“distance”.
The occurrence of scenarios S1, S3 and S5 corresponds to the
ﬁring of transition t3. The occurrence of scenario S2, S3 and S5
corresponds to the ﬁring of transitions t5 and t7. The ﬁring of
transition t1 corresponds to the occurrence of scenario S4.
5.4. Reachability set and reachability graph construction
The set of markings that are reachable from the initial marking
M0 is shown in Table 2, and the reachability graph is in Fig. 10 (step
5 of the method). The ﬁnal (dead) states are indicated with the
letter D. In determining the reachability set, the activation and
ﬁring sequences were deﬁned with taking into account the laps of
local simulation time.
The most important states (ﬁnal states, marked with the letter
D in Table 2) in terms of risk analysis of accident resulting from
incident 270/06 are shown in Table 3. Other states and insignificant places are omitted.
System states M23, M25, M26 and M27 represent safe situations
in which at least one of the aircraft stopped before the runway–
taxiway intersection. States M18, M28 and M29 represent cases in
which both aircraft reach the intersection. This statement represents the implementation of point 6 of the algorithm.
5.5. Determining the probability of incident to accident conversion
Determining the likelihood of conversion of the incident into
an accident (step 8 of the method) will be made by using the
simulation. Analytical method together with an example of the
reachability graph reduction (step 7 of the method) will be the
subject of another publication.
5.5.1. Determining the probability by simulation
We can use the simulation method, which involves the
repeated execution of transitions (starting from the initial marking), including all random events, and observing the results. These
results are treated as a random sample for a group of experiments.

In this case, these experiments can be equated with multiple
executions of an identical serious incident and observing how
often it transforms into an accident.
Simulation analysis requires determining the time necessary to
execute timed transitions. In the model of the incident these
values are constant. The adoption of these values also in the
accident model allows one to represent the occurred incident. This
applies to the model parameters calculated by the functions
GND_rt, A320_rt, A320_st, EMB_st, TWR_rt and EMB_rt. To represent
the occurred incident by the accident model the values returned
by these functions must be constant like in the real incident. In the
model of the accident they are random variables. These variables
are determined by the time necessary for the crew to recognise
the conﬂict, or to react to the warning coming from the outside.
Analyses of the problems of human perceptual capabilities and the
reaction time fall within the area of psychology and are beyond
the scope of this work. However, to illustrate the proposed method
these values have been estimated by the experts—an experienced
air trafﬁc controller and the pilot of a military transportation
aircraft. The experts identiﬁed the expected values of these times.
These values are presented in Table 4. It was also assumed that
these random variables are described by exponential distribution.
In Table 4, data derived from the author’s own measurements of
the aircraft taxiing process at Chopin Airport in Warsaw is also
presented. The measurements were completed from May to
November of 2012. And so, the (t0, p1) arc’s characteristics are
equal to the actual taxiing time of aircraft A320 from parking
position no. 33 via taxiway A to the A4–E1 taxiway crossing. For
aircraft EMB 170, the (t0, p2) arc’s characteristics correspond to the
measured taxiing time from parking position no. 46 to the position
before the runway 29 threshold plus the time to line up on the
runway and be ready for takeoff. Using a constant T makes it easier
to notice the small difference in the time of appearance of the two
aircraft in the conﬂict zone. The term rnd(x) means the execution
of a self-written computer code generating an adequate random
variable with an expected value equal to x. In the presented
simulation results the value generated by rnd(x) is based on the
exponential distribution, however, other distributions may be
applied. The algorithm truncates the tails of the distributions in
accordance with the observations and measurements of the actual
values. Due to paper volume limitations, the detailed statistical
analysis was omitted. All of this made it possible to estimate the
characteristics of the timed transitions and thus allowed to ﬁnd
the sought probabilities by simulation. However, one should bear
in mind that these are largely expert estimates and further
research should be carried out in this area, including with the
use of formal methods [43,28].
The hierarchical net shown in Figs. 5–9 was subjected to an
experiment which consisted in execution of 108 simulation runs.
In the case of the analysis carried out in good visibility conditions,
the state M18 did not appear. The state M28 was reached in 342,945
cases, and the state M29 in 138,682 cases. These are the cases in

Table 2
Reachability set for a model of accident arising from incident 270/06.
M0
M3
M6
M9
M12
M15
M18
M21
M24
M27

p0 þ p1 þp2
p1 þ p2 þ2p4 þ p13
p1 þ p3 þp7
p2 þ p4 þp6
p1 þ p4 þp10
p1 þ 2p4 þp7 þ p12
p14
p6 þ p8 þp11
2p4 þ p5 þp7
p6 þ p9

D

D

M1
M4
M7
M10
M13
M16
M19
M22
M25
M28

p1 þ p2 þ2p4
p1 þ p2 þ2p4 þ p12
p1 þ p4 þp8 þ p11
p2 þ 2p4 þp5
p1 þ p4 þp9
p2 þ p4 þp6 þ p13
p1 þ p4 þp10 þ p12
p4 þ p5 þp8 þ p11
p6 þ p10
p4 þ p5 þp9

D
D

M2
M5
M8
M11
M14
M17
M20
M23
M26
M29

p1 þp2 þ 2p3
p2 þp3 þ p5
p1 þ2p4 þp7
p5 þp7
p1 þp4 þ p8 þ p11 þ p12
p2 þ2p4 þp5 þ p13
p1 þp4 þ p9 þ p12
p4 þp6 þ p7
p4 þp5 þ p10
2p4 þp14

D
D
D

J. Skorupski / Reliability Engineering and System Safety 140 (2015) 37–52

49

Fig. 10. Reachability graph for a model of accident arising from incident 270/06.
Table 3
Selected states of the system (in model of accident resulting from incident 270/06).
p4 Good
visibility
M18
M23
M25
M26
M27
M28
M29

p5 A320 continues
taxiing

p6 A320
stopped

p7 EMB170 continues
take-off

1
1

1

p9 EMB170 at intersection with
TWY A4

p10 EMB170
stopped

p14
Continuation
1

1
1

1

1
2

1

1
1

1

1
1
1

Table 4
Times determining the intensities of transitions in the model of the accident.
Parameter

Time [s]

GND controller reaction
A320 crew reaction
TWR controller reaction
EMB170 crew reaction
TWR-EMB170 transmission
A320 own observation
EMB170 own observation
(t0, p1)
(t0, p2)

10
2
10
2
2
15
15
200þ rnd(2)
196þ rnd(4)

which both aircraft appeared at the intersection of the runway and
taxiway. Only in some of them was the difference in the time of
occupation of the conﬂict point less than 5 s, which was adopted
as the limit to qualify the event as an accident. This value is the
result of the analysis of the distance that A320 aircraft covers in
the collision zone and its speed. This analysis takes into account
the dimensions of the plane and the angle at which it crosses the
runway. There were 52,561 of such cases. This means that the
probability obtained by simulation is P I-A ¼ 5:256 U 10  4 . In the
case of analysis for poor visibility conditions, the only ﬁnal state is
M18, while the probability of conversion of the incident into an
accident is P I-A ¼ 0:93.

Table 5
Results of simulation for the transition to ﬁnal states.
Final state

Accident

Probability
good weather

bad weather

M18

Accident

0

9:298 U 10  1

M18

Safe

0

M23

Safe

1:588 U 10  2

7:02 U 10  2
0

M25

Safe

8:643 U 10  1

0

M26

Safe

7:578 U 10  2

0

M27

Safe

3:921 U 10  2

0

M28

Accident

2:806 U 10  4

0

M28

Safe

3:149 U 10  3

0

M29

Accident

2:45 U 10  4

0

M29

Safe

1:142 U 10  3

0

Also, the analysis of ﬁnal states that occurred during the
transformation of the incident into an accident is interesting.
The results are shown in Table 5.
The simulation results show that in good weather conditions
P ðM 0 ½σ 〉M 28 Þ ¼ 3:429 U 10  3 , P ðM 0 ½σ 〉M 29 Þ ¼ 1:387 U 10  3 . State M18
was not observed. Final states marked as safe depict cases in which
scenarios leading to the transformation from an incident into an
accident occurred, but the time dependencies were such that there
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Table 6
Dependence of the probability of an accident on: (a) the time until the A320 crew recognises a conﬂict, (b) the time until the EMB170 crew recognises a conﬂict, (c) the time
until the TWR controller recognises a conﬂict.
(a) A320 recognition of conﬂict [s]
h
i
Probability of accident U 10  4

3
0:014

6
0:661

9
2:421

12
4:152

15
5:256

18
6:843

21
7:691

24
8:264

27
8:635

(b) EMB170 recognition of conﬂict [s]
h
i
Probability of accident U 10  4

3
0:012

6
0:533

9
1:634

12
3:517

15
5:256

18
6:775

21
7:919

24
9:308

27
10:09

(c) TWR controller recognition of conﬂict [s]
h
i
Probability of accident U 10  4

2
0:021

4
1:132

6
2:283

8
3:684

10
5:256

12
6:618

14
8:392

16
9:291

18
10:19

was no collision of aircraft. In particular, this concerns the case
when EMB170, taking off, passed the intersection with taxiway
TWY A4 before the taxiing aircraft A320 reached this place. Of
course, it should be noted that these situations are also extremely
dangerous and should be avoided.
5.5.2. Sensitivity analysis
The model developed here in the form of a Petri net allows to
deﬁne the relationship between the probability of an incident–
accident transformation and the many factors that were included
in the analysis. This section presents this relationship for the time
at which the ﬂight crews or the TWR controller recognise a
conﬂict. The results are shown in Table 6 and come from a
simulation approach.
The probability of an incident–accident transformation changes
approximately linearly with respect to each of the three factors as
listed in Table 6. As can be seen, there is a potential to increase
safety by enhancing situational awareness manifested by shortening the time to recognition of a dangerous situation. For very
large values of that time, which in practice corresponds to the lack
of a response, the probability of an accident stabilises at a
constant level.

6. Summary and conclusions
In the paper the method of analysing the relationship between a
serious air trafﬁc incident and accident was presented. The starting
point for this analysis was the assumption that a serious incident
describes a situation in air trafﬁc in which only one or two additional
adverse events are sufﬁcient to cause an accident. The paper focuses
on the model development and the method to estimate the probability of transformation of an incident into an accident.
In the analysed example (a real air trafﬁc incident) there are six
scenarios which lead to the transformation of an incident into an accident.
Of these, ﬁve relate to events of a certain probability, and one relates to
speciﬁc time dependencies between the events. This is the most general
case—an incident of a hybrid type. In the paper an algorithm for the
construction of an appropriate, coloured, timed, stochastic Petri net model
of accident was proposed. The model may be examined analytically and
with the use of the simulation technique. The latter method allowed to
determine the probability of an incident–accident conversion. However, we
should remember that in both cases they are based on expert assessments,
thus it would be advisable to perform further measurements and tests in
order to increase the accuracy of the input data. The simulation time for
108 experiments is approximately 20–30 min for a medium-class personal
computer. Therefore, the simulation method seems to be a reasonable
approach to the analysis of a serious incident of the hybrid type.
The developed method is general and may help to forecast the
number of accidents on the basis of the number of incidents (serious
incidents) in air trafﬁc. This was checked on a serious incident of the
class of runway incursion. Development of such a method is an
important step towards using the TLS concept in the practice of air

trafﬁc management (ATM). It is also crucial to the airport safety
management system (SMS). As was shown in the simulation analysis,
the probability of the transformation of analysed incident of the
runway incursion type into an accident is of the order of 5 U 10  4 . As
was indicated in Section 1, the runway incursion rate in Europe is of
the order of 6 U 10  6 . By taking both of these ﬁgures into account we
obtain that the expected number of accidents of this speciﬁc type can
be estimated at 3 U10  9 accident on a ﬂight. To compare this with the
Eurocontrol TLS value (2:31 U10  8 accident on a ﬂight) we must have
similar estimates for other types of incidents. Of course, the TLS value
2:31 U 10  8 applies to the entire ﬂight, so in the case of the analysis of
incidents of the RI class only we should take only its part for
comparison. This type of analysis will be carried out in future
publications.
This paper is a continuation of research aimed at ﬁnding a method for
effective analysis of incident–accident transformations. For accidents
depending on the occurrence of certain additional events [61] or
depending on a favourable or unfavourable time sequence [62]—the best
method is to examine the model analytically. For the hybrid case (as in
this paper, incident no. 270/06)—the simulation method seems to be
efﬁcient. The use of the proposed method may be of practical signiﬁcance. On the one hand, it can assist in safety management systems by
providing an approach to determine the CLS in cases when there are no
air trafﬁc accidents in the country. On the other hand, it is a proactive
approach; this may be stated since we are not analysing what has already
happened but rather what might happen. In this way we anticipate
threats even before they appear. Quantitative estimates also allow to
assess how probable these risks are. Moreover, this approach is consistent
with the resilience engineering approach as proposed by Holnagel et al.
[30], i.e. it seeks to answer the question whether the system will retain
the ability to work in the long term if faced with threats which are
currently not even possible to be imagined. The proposed method is
going in the same direction—to assess whether, and with what probability, in the case of accident scenarios the system will switch to a safe
state. If not, then we can offer early intervention, which will improve the
resilience of the system.
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