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Abstract—The purpose of this paper is to provide a framework
based on hybrid systems theory for safety modelling in air
trafﬁc management applications. This framework can be used
to represent complex multi-agent applications in which a wide
set of possible abnormal scenarios has been considered. In the
aviation context possible catastrophic events can take place due
to an error of a single agent involved in the procedure. It will
be shown how the hybrid system framework allows a description
and detection of these errors and their effects on the evolution
of the procedure. At ﬁrst it is proposed a description of the
ASEP-In Trail Procedure which has been chosen to illustrate
the methodology. Then, a general view about hybrid systems is
proposed in order to explain the mathematical environment. Once
basic concepts have been introduced, the hybrid model of the
ASEP-ITP is explained and the concept of critical observability
is introduced. Finally, an hybrid observer is proposed in order
to detect unsafe situations associated with the hybrid system
evolution.
Index Terms—Safety Modelling, Hybrid Systems, Critical Observability, Air Trafﬁc Management, In Trail Procedure.

I. I NTRODUCTION

T

HE volume of air trafﬁc in the oceanic airspace is
quickly increasing inducing the necessity of an improved
efﬁciency in the management of the air trafﬁc ﬂows along
these routes. The new procedures that are developed to satisfy
this necessity have to increase capacity without affecting
safety. This has to be proved using advanced methods. The
complexity of the safety analysis of new procedures comes
from the speciﬁc structure of the environment on which
they are applied. The main aspect to be considered is that
operations are the result of interactions between many entities
of various types and at multiple locations. Furthermore the
air trafﬁc management systems are characterized by a mixed
environment with human-controlled and computer-controlled
subsystems the behaviors of which evolve following completely different logics that cannot be represented using the
same class of mathematical models. This complexity can easily
be modelled by means of agents in the context of hybrid
system theory. Each decision taken by a single agent, either
human operator or computer aid, inﬂuences the actions of
all other agents involved. An hazardous decision induced by
a wrong situational awareness can then be reﬂected into a
catastrophic event. When modelling this kind of multi-agent
systems all the decision making processes of each agent and
their interactions have to be taken into account in order to

identify non-nominal situations and act accordingly to prevent
them to evolve into accidents.
Up to now the methodologies used for safety analysis
can be classiﬁed in three main categories which reﬂect the
temporal evolution of the complexity of airborne scenarios. As
proposed in [5], [6] these categories are Sequential Modelling,
Epidemiological Modelling and Systemic Accident Modelling:
the Sequential modelling represents the accident as the outcome of a series of individual steps that occur in a given
and (in principle) predictable order, using hierarchies such
as the event tree or networks (Critical Path models or Petri
networks); the Epidemiological modelling describes accidents
as the outcome of a combination of manifest and latent
factors that happen to exist together in space and time; the
Systemic accident modelling considers accidents as something
that must be expected. Systemic models have their roots
in control theory and emphasize the need to base accident
analysis on an understanding of the functional characteristics
of the system rather than on assumptions or hypotheses about
internal mechanisms or cause-effect chains. Systemic models
deliberately try to avoid a description of an accident as a
sequential or ordered relation among individual events or even
as a concatenation of latent conditions.
In this paper we propose to apply a new methodology for
safety modelling that has been developed in [3], [7], [9],
[10]. This methodology is based on hybrid systems theory
that provides a powerful framework to develop multi-agents
models. Using this methodology it is possible to link the
changes of the physical systems behaviour with the actions
made by each agent. These actions can be right decisions
taken by human operators, like pilots and controllers, but also
decisions due to situational awareness errors. In this context
each decision can represent an instantaneous change inside
the continuous dynamics of an agent. Using hybrid model
it is possible to describe the behaviour of single agent by
means of discrete states. Different continuous dynamics that
are associated with each discrete state and represent different
aspects of the behaviour of the agent; the decisions taken
by the agent and by the other agents involved generate the
switches between the different discrete states. In this way, a
complex behaviour of an agent can be suitably represented
with simpliﬁed dynamics whose descriptive power is enhanced
using the event-driven discrete systems, without making use
of a more complex mathematical model. Once all the agents
have been modelled, the behaviour of the whole system can
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be analyzed by following the evolution of each agent and, at
the same time, their interactions. In this way non-nominal and
abnormal situations can be identiﬁed and subsequently inserted
in the model as an additional state.
The paper is organized as follows. In Section 2 a description
of the In Trail Procedure (ITP) application which has been
chosen to illustrate the hybrid system framework is proposed.
In Section 3, the hybrid model of the airborne procedure is
presented explaining how it describes the procedure’s steps.
In Section 4, the hybrid observability problem is introduced
and a hybrid observer is proposed. Section 5 provides some
concluding remarks.
II. D ESCRIPTION OF THE I N T RAIL P ROCEDURE
The In Trail Procedure (ITP) is part of the Airborne
Separation Assistance Systems (ASAS) area. ASAS embraces
the goal of improving ﬂight management by introducing a
stronger interaction between pilots and controllers. The In
Trail Procedure (ITP) here considered is envisioned as an
Airborne Separation (ASEP) Application which is one of the
four ASAS application categories. ASEP applications involve
the transfer of responsibilities for the separation from the
controller to the ﬂight crew during the execution of the
procedure. This can happen when the ﬂight crew does have
the most appropriate surveillance equipments (i.e. ADS-B and
ASAS equipment) and is therefore able to monitor separation
and act if necessary.
The ASEP-ITP [1], [2] described hereafter is a procedure
that aims at improving ﬂight efﬁciency along oceanic routes
where procedural control is performed. The procedure provides a safe and practical method for air trafﬁc controller
to approve, and ﬂight crew to conduct, climb and descent
through different ﬂight levels with less stringent applicability
conditions than today’s operations.

Fig. 1.

Example of ITP geometry

A. ITP Criteria
The ASEP-ITP allows climb or descent through only one
ﬂight level for a maximum of 2000 feet in RVSM airspace (and
4000 feet in non-RVSM) and the ITP speed/distance criteria
are designed so that under nominal conditions the proposed
5NM separation minimum is preserved throughout the ITP
manoeuvre. The proposed ITP speed/distance criteria are the
following:
• initiation ITP distance of no less than 10 NM and positive
ground speed differential of no more that 20 kts, or
•

ITP distance of no less than 15 NM and positive ground
speed differential of no more that 30 kts.

Fig. 2.

ASEP-ITP phases diagram

The ITP encompasses a set of six vertical geometries: leading climb (as shown in Figure 1), leading descent, following
climb, following descent, combined leading-following climb
and combined leading-following descent. These geometries are
designed on the basis of the relative position of the ITP aircraft
and one or two reference aircraft.
The initiation criteria (ITP speed/distance criteria) that are
necessary to start an ITP procedure are designed so that
the estimated distance between the airliner which performs
the climb or descent (ITP aircraft) and one or two ADS-B
equipped aircraft (reference aircraft) in the surrounding area
should get no closer than the ITP separation minimum of
5 NM until vertical separation is again achieved. These ITP
speed/distance criteria are based on combinations of relative
speed and relative distance values between the ITP aircraft and
the reference aircraft are necessary conditions which have to be
veriﬁed by the ﬂight crew before requesting an ITP manoeuvre
to the air trafﬁc controller (ATC).
The ITP aircraft must maintain a minimum 300 ft/min of
climb or descent and constant cruise Mach number throughout
the ITP manoeuvre. The reference aircraft must be nonmanoeuvering and it is not expected to manoeuvre during the
ITP. Given these conditions, it can be shown that a 4000 ft
ﬂight level change would result in a reduction in the initial
distance of 4.5 NM assuming a positive ground speed differential of 20 kts. To ensure that the ITP separation minimum
of 5NM will be guaranteed during the ﬂight level change
under these conditions, the initial distance between the aircraft
must exceed 9.5 NM. So using 10 NM of initial distance the
separation minimum is guaranteed. In the same way it could
be proved that with positive ground speed differential of more
than 20 but less than 30 kts, an initial distance of 15 NM
ensures that ITP separation minimum is respected.
A compact view of the ASEP-ITP phases is illustrated in
Figure 2, and is now described.
B. ITP Initiation phase
The decision to request an ITP rather than a standard
ﬂight level change will typically be based on a number of
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factors outside the scope of the ITP application, such as crew
preference and judgment, the magnitude of the desired ﬂight
level change, and any other information available to the crew
about the ﬂight’s progress and proximate trafﬁc situation.
Once the ﬂight crew has decided to consider requesting an
ITP, the ﬂight crew proceeds through the following steps to
formulate and initiate the request:
1) Identiﬁcation of ITP ﬂight levels
• The crew identiﬁes a requested ﬂight level, which
is a ﬂight level above (for a climb) or below (for
a descent) one ﬂight level and that is no more than
4000 ft from the initial ﬂight level.
2) Checking ITP aircraft Performance by the crew:
• The ITP aircraft is capable of performing a rate of
climb or descent of at least 300 fpm at the assigned
Mach number to the requested ﬂight level.
• The ITP aircraft is not expected to manoeuvre
except for a climb or descent or a change of course
to remain on their clearance.
3) Identiﬁcation of reference aircraft The crew selects as
reference aircraft up to two potentially blocking aircraft
which meet the following criteria:
• The ITP aircraft has the same direction with potentially blocking aircraft.
• Qualiﬁed ADS-B data are available from potentially
blocking aircraft.
• The ITP speed/distance criteria are met with potentially blocking aircraft.
4) ITP Request
• If the ITP criteria are met, the ITP aircraft crew
requests the ITP, using the required ITP phraseology
which provides the controller with the requested
ITP ﬂight level change geometry (i.e., leading or
following), the ITP distance and the ﬂight ID of
reference aircraft.

Determine that the reference aircraft are nonmanoeuvring and not expected to manoeuvre during
the ITP. A change of course (only) to remain on the
same identical Track as the ITP aircraft would not
be considered a manoeuvre. The controller will not
issue an ITP clearance if a reference aircraft is in the
process of a manoeuvre or expected to manoeuvre.
• Determine that the positive mach differential is no
greater than 0.03 Mach.
Based on the ITP aircraft’s request and the controller’s
determination of the previous six conditions, the controller would issue the ITP clearance.
2) ITP Crew Re-Assessment
• After the ITP clearance is issued, the ﬂight crew
of the ITP aircraft must again determine that the
ITP criteria continue to be met with respect to the
reference aircraft immediately before initiating the
climb or descent. If the ITP criteria are no longer
met, the crew refuses the clearance and remains at
the initial ﬂight level.
•

D. ITP Execution Phase
1) ITP Aircraft Crew Tasks during the ITP Manoeuvre
• As after a standard climb or descent clearance, the
crew must initiate the ITP without delay after receipt
of the clearance. Note that the crew re-assessment
should not cause an undue delay in the initiation of
this manoeuvre.
• The crew must maintain the original cruise Mach
number during the climb or descent.
• The ITP aircraft must maintain a minimum 300 fpm
climb or descent rate, or the minimum rate required
by regulation, whichever greater, throughout the ITP
manoeuvre.
• The ITP aircraft crew shall monitor the ITP distance
to the reference aircraft during the climb or descent.
The crew monitors the ASAS equipment indicating
the range of the blocking aircraft. If the separation
minimum is predicted to be violated a temporary
speed change is allowed.
• The ITP ﬂight crew reports the establishment at the
new ﬂight level.
• If the ITP cannot be successfully completed as
cleared once the climb or descent has been initiated, an abnormal termination occurs. ATC must be
notiﬁed immediately when this condition occurs.
2) Controller Tasks during the ITP Manoeuvre
• The controller will not issue any manoeuvre clearance to the reference aircraft until the ITP Aircraft
reports establishment at the new ﬂight level or the
ITP is abnormally terminated.

C. ITP Instruction Phase
1) Issue of ITP Clearance by controller ATC determines
if standard separation will be met with all aircraft at
the requested ﬂight level and at all ﬂight levels between
the ITP aircraft’s initial ﬂight level and requested ﬂight
level. If so, a standard (non-ITP) ﬂight level change
clearance can be issued. If not,
• Determine that the ITP request message format
is correct and that the ﬂight crew has correctly
identiﬁed the reference aircraft at the intervening
ﬂight level.
• Determine that standard separation will be met with
other aircraft (i.e., all but the reference aircraft) at
the requested ﬂight level and at all ﬂight levels
between the ITP aircraft’s initial Flight Level and
requested ﬂight level.
• Determine that the ITP aircraft is not a reference
aircraft in another ITP clearance;
• Determine that the ITP aircraft and the reference
aircraft are on the same track.
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E. ITP Termination Phase
1) The ITP is completed when the ITP ﬂight crew reports
established at the new ﬂight level.
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2) If the ITP aircraft cannot successfully complete the ITP
once the climb or descent has been initiated, an abnormal
termination occurs.
III. H YBRID M ODEL OF THE ITP

PROCEDURE

In this section the hybrid model of the ASEP-ITP is
proposed.

Fig. 3.

Non-deterministic Hybrid System

A. Preliminaries on Hybrid System Theory
The following description provides a general view of the
hybrid systems (i.e [3], [4]). Thus, only the basic deﬁnitions
are presented in order to facilitate the understanding of the
ITP hybrid model proposed.
Deﬁnition 1. (Non Deterministic Hybrid System [3])
A hybrid system is a tuple H = (Q × X, Q0 ×
X0 , U, Y, ε, E, Ψ, η, Inv, G, R) such that:
• Q = {q1 , q 2 , ..., q N } is a set of discrete states.
n
• X ∈ R is a set of continuous states.
• Q0 ⊆ Q is a set of initial discrete states.
• X0 ⊆ X is a set of initial continuous states.
m
• U ⊆R
is a set of continuous control input.
p
• Y ⊆ R is the set of continuous observable output.
• {εq }q∈Q associates to each discrete state q ∈ Q the
continuous time-invariant dynamics εq : ẋ = Fq (x) with
output y = gq (x).
• E ⊆ Q×Q is a collection of edges, where each edge e ∈
E is a ordered pair of discrete states, the ﬁrst component
of which is known as source and is denoted by s(e), while
the second is the target and is denoted by t(e).
• Ψ is the ﬁnite set of discrete output symbols
ε, ψ1 , ψ2 , ..., ψr where ε is the empty string that corresponds to unobservable output.
• η : E → Ψ is the output function, that associates to each
edge a discrete output symbol.
• {Invq }q∈Q associates to each discrete state q ∈ Q an
invariant set Invq ⊆ X.
• {Ge }e∈E associates to each edge e ∈ E a guard set
Ge ⊆ Invs(e) .
• {Re }e∈E associates to each edge e ∈ E a reset map
Re : Invs(e) → 2Invt(e) , from Invs(e) ⊂ X to the power
set (i.e. the set of all the subsets) of Invt(e) .
The system so deﬁned can be compactly described using the
graph depicted in the Figure 3. It should be noticed that this
representation contains all the mathematical attributes introduced in the deﬁnition 1. The evolution of an Hybrid System
can be synthesized in this way: supposed (q1 , x0 ) ∈ Init
the initial hybrid system state, the continuous state x evolves
according to the continuous dynamic ẋ with x(0) = x1,0 ,
as long as x ∈ Invq1 , whereas the discrete state q remains
constant q(t) = q1 . If at some point, state reaches guard
Ge1 then the discrete transition from q1 to q2 is enable. In
this situation, when the continuous state leaves the Invq1 the
discrete transition is forced, and the state x changes value
according to the reset map Re1 . Next the process is repeated
starting from (q2 , x2,0 ).

A particular class of non-deterministic hybrid systems is
represented by the rectangular automata. This subclass is
introduced here and is the one that will be used in the hybrid
model of ASEP-ITP. Considered the space Rn with variables
x1 , · · · , xn , a rectangular set B of dimension n is the product
of n intervals Bi ⊆ R of the real line, where each Bi is a
bounded or unbounded interval.
Deﬁnition 2. (Rectangular Automaton [4]): A rectangular
automaton is a hybrid system, as deﬁned in Deﬁnition 1, that
also satisﬁes the following constraints:
• For every discrete state q ∈ Q, the set of initial continuous states X0 ⊆ X and the invariant set Invq ⊆ X are
rectangular sets.
• For every discrete state q ∈ Q, there is a rectangular
set B q such that the continuous time invariant dynamics
εq : ẋ = Fq (x) ∈ B q for all x ∈ Rn .
• For every edge e ∈ E, the set Guarde is a rectangular
set, and there is a rectangular set B e and a subset J e ⊆
{1, · · · , n} such that for all x ∈ Rn the reset map is


Re = {(x1 , · · · , xn ) ∈ Rn | for all 1 ≤ i ≤ n, if i ∈ J e


then xi ∈ Bie else xi = xi }.
Therefore, in a rectangular automaton, the derivative of
each variable stays between two ﬁxed bounds, which can be
different in different discrete states. Then in each discrete
state q ∈ Q the continuous dynamics can be deﬁned as
ẋi ∈ Biq ⊆ B q for all 1 ≤ i ≤ n. With each discrete jump
across an edge e, the value of the variable xi either does not
change if i ∈
/ J e , or resets non-deterministically to a new
value within some ﬁxed constant interval Bie ⊆ B e if i ∈ J e .
The hybrid model proposed below is slightly different from
the one of the Deﬁnition 2. This model also embeds a set Σ of
discrete input signals, and each edge e ∈ E is associated to a
symbol σ ∈ Σ that triggers the discrete transition between the
states linked by e. These inputs can be considered as discrete
disturbance or control inputs which model the communication
among the agents.
B. Assumptions
The ASEP-ITP can be decomposed in various subsystems
representing the agents involved in the procedure, each with
hybrid dynamics modelling its speciﬁc operations. It should be
remarked that to exploit the descriptive power of hybrid system
each agent must be considered by itself and subsequently the
effects of their actions on the dynamics of other agents can
be considered merging the models so obtained.

210

ISBN: 978-0-615-20720-9

THIRD INTERNATIONAL CONFERENCE ON RESEARCH IN AIR TRANSPORTATION

The agents considered are:
• Air crew ﬂying of ITP aircraft
• Oceanic controller
The approach used for selecting the agents does not provide
the modelling of the reference aircraft as an agent. The main
reason is that the ﬂight crew of the reference aircraft does
not have the awareness of existence of an ITP manoeuvre
in which it is involved. In fact, there is no communication
between the controller or the ﬂight crew of the ITP aircraft
and the ﬂight crew of the reference aircraft. Furthermore any
hazardous actions of the reference aircraft can be considered
inside the hybrid dynamics of other agents.
The model proposed considers the simplest case of ASEPITP execution where the ITP aircraft requests a climb through
one ﬂight level, with only one leading reference aircraft
involved and without other blocking aircraft. Furthermore,
no wind is assumed. The continuous dynamics used in this
approach are intentionally simpliﬁed. In fact due to the conﬁguration of the trafﬁc ﬂows in the oceanic airspace (i.e
organized parallel tracks system) it is possible to focus on
longitudinal and vertical dynamics without considering the
lateral dynamics. Moreover, for safety analysis of this ITP,
using a more complicated model that considers a complete
dynamic of the aircraft would not be relevant.
C. Pilot ﬂying of ITP aircraft Agent
Before explaining the model, the following variables are
introduced:
1) zi initial ﬂight level of the aircraft
2) zf requested ﬂight level of the ITP aircraft
3) vx,min minimal ground speed of the ITP aircraft
4) vx,max maximal ground speed of the ITP aircraft
5) vz,max maximal vertical speed of the ITP aircraft
6) xr longitudinal position of the reference aircraft
7) vrx the ground speed of the reference aircraft
8) Mi assigned Mach number for the ITP aircraft
9) a speed of sound, assumed as a constant value
Furthermore the following interesting areas of the airspace
can be identiﬁed:
1) A safe region in which the ITP aircraft performing
the ITP manoeuvre respects the ITP minimum distance
separation. The safe zone is deﬁned as ΩS = {(x, z) :
x ∈ [−∞, xr − 5], z ∈ (zi , zf )}.
2) Thus, an unsafe zone can be deﬁned as follows: ΩU =
{(x, z) : x ∈ [xr − 5, +∞], z ∈ (zi , zf )}.
The agent Hp Pilot Flying of ITP Aircraft can be described
using a model based on Deﬁnition 2. The following are the
objects of the system:
• Q = {q1 , q2 , q3 , q4 , q5 , q6 , q7 , q8 , q9 , q10 , q11 , q12 } is the
set of discrete states each associated with a node inside
the graph depicted in Figure 4;
+
+
+
+
• X = {(x, z) : x ∈ R0 , z ∈ R }, with R0 = R ∪ {0} is
the set of the continuous state values where x represents
the longitudinal position of the aircraft expressed in
nautical miles, z the altitude of the aircraft expressed in
hundred of feet (i.e. ﬂight level inside the International
Standard Atmosphere).

•
•
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The initial discrete state is q1 ;
The continuous dynamics are the followings:
- Fq1 (x, z) = {ẋ = Mi a, ż = 0}
- Fq7 (x, z) = {ẋ
[300, vz,max ]}
- Fq8 (x, z) =
[300, vz,max ]}

∈

{ẋ

∈

[vx,min , vrx + 30], ż

∈

[vx,min , vx,max ], ż

∈

- Fq9 (x, z) = {ẋ ∈ [vx,min , vx,max ], ż ∈ [0, 300]}
- Fq10 (x, z) = {ẋ = M a, ż = 0, M = Mi }
- Fqi (x, z) = Fq1 (x, z) for i = 2, 3, 4, 5, 6, 11, 12
•

•

•

•
•

Σ = {σ1 , σ2 , σ3 , σ4 , σ5 , σ6 , σ7 , σ8 , σ9 } is the set of
discrete inputs, where σ1 means decision to make an ITP,
σ2 represents the reassessment failed, σ3 represents the
ITP criteria are not veriﬁed, σ4 means the ITP criteria
veriﬁed, σ5 represents the clearance denied, σ6 means
the clearance issued, σ7 means detection of an abnormal
event, σ8 = ε, σ9 represents a situational awareness error;
Ψ = {ψ1 , ψ2 , ψ3 , ψ4 , ψ5 , ψ6 } ∪ {ε} is the set of discrete
outputs, where ψ1 means the clearance rejected by the
crew, ψ2 represents the clearance request , ψ3 represents
the clearance accepted by the crew, ψ4 means the abnormal termination communication by the crew to the
controller, ψ5 means the report established at the new
ﬂight level, ψ6 represents the conﬁrmation by the crew
of the reception of the denied clearance;
E ⊆ Q × Q is the set of transitions given by the graph
depicted in Figure 4. A label σ ∈ Σ is associated to each
edge as shown in Figure 4;
η : E → Ψ the discrete output function deﬁned by the
graph depicted in Figure 4;
The domains of the discrete states are the following:
- Invq1 = {(x, z) : x ∈ R+
0 , z = zi }
- Invq7 = {(x, z) ∈ ΩS }
- Invq8 = {(x, z) ∈ ΩS ∪ ΩU }
- Invq9 = Invq8
- Invq10 = {(x, z) : x ∈ R+
0 , z = zf }
- Invq12 = Invq10

•

- Invqi = Invq1 for i = 2, 3, 4, 5, 6, 11
The guards are the empty set for all the discrete transitions excepted for:
- G(q7 , q12 ) = {x ∈ ΩS , z = zf }
- G(q8 , q12 ) = G(q9 , q12 ) = {(x, y) : x ∈ R+ }

•

The reset function is always the identity function excepted
for:
- R(q7 , q11 ) = {xq11 = xq7 , zq11 = zi }
- R(q8 , q11 ) = R(q9 , q11 ) = R(q7 , q11 )

The direct graph of this hybrid model is shown in the Figure
4. The evolution of an ITP could be followed on the graph in
this way. Initially the aircraft is in the cruise (i.e. discrete
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(q11 ). In the second case, the ITP terminates in the correct
way; the ﬂight crew communicates to the ATC established
in the requested ﬂight level and the discrete state changes
to ITP termination (q12 ) state. From this discrete state a
situational awareness error can bring to an unsafe situation. In
fact, if the ﬂight crew has changed the Mach number during
the manoeuvre for safety reasons and it does not revert to
the assigned Mach number when the requested ﬂight level
is reached, an unobservable transition to Wrong termination
(q10 ) takes place.
D. Oceanic controller Agent

Fig. 4. Direct graph of pilot ﬂying of ITP aircraft agent. The shadowed
locations are the critical states

The hybrid model of the oceanic controller agent does not
include continuous dynamics and all the discrete transitions
take place because of the occurrence of a discrete input. Thus,
this hybrid model can be considered as a discrete event system.
The objects of the model are the followings:
•

state q1 ) phase. When the ﬂight crew performs an ASEP-ITP
manoeuvre, the discrete transition to the ITP Initiation (q3 )
takes place. Then, the ﬂight crew has to verify if the ITP
speed/distance criteria are met. If the criteria are not satisﬁed,
the ﬂight crew aborts the ITP initiation phase and there exists
the discrete transition to the ITP Aborted (q2 ) state. If the
criteria are veriﬁed, the ﬂight crew requests the clearance to
the ATC and the discrete transition to ITP instruction (q4 )
takes place. In this phase, if the clearance is denied by the
ATC the ITP is not executed and the discrete switch to ITP
denied (q6 ) takes place. When the clearance is issued, the
ﬂight crew has to recheck the ITP speed/distance criteria in
order to evaluate if the criteria are still met. If the criteria
are not met, the ﬂight crew rejects the clearance and this is
represented by the discrete switch to the ITP rejected (q5 )
state. If the ITP criteria are still met, the ﬂight crew accepts
the clearance, communicates it to the ATC and the discrete
state ITP Instruction (q4 ) changes to Standard ITP execution
(q7 ) state. It can happen that during the ﬁrst or the second
veriﬁcation of ITP speed/distance criteria the ﬂight crew makes
an error due to a wrong situational awareness. This scenario is
modelled using an unobservable transition from the Standard
ITP execution (q7 ) to Non ITP criteria compliant execution
(q8 ); this transition is not detectable because the ﬂight crew
does not know that an error occurred. From both these discrete
states, it is possible to jump to the Wrong execution (q9 ) state,
which models the situation where, again due to a situational
awareness error, the ﬂight crew is performing the manoeuvre
without compliance with the performance criteria (i.e. vertical
speed more than 300 ft/min and Mach number constant). Starting from the discrete states Standard ITP execution (q7 ), Non
ITP criteria compliant execution (q8 ) and Wrong execution
(q9 ), the manoeuvre is terminated in two different ways. In
the ﬁrst case the ﬂight crew detects an abnormal event and
the manoeuvre is terminated in an abnormal mode. The ﬂight
crew communicates to the ATC the abnormal termination and
the discrete transition takes place to Abnormal Termination

•
•

•

•

•

Q = {q1 , q2 , q3 , q4 } is the set of discrete states which are
associated with the corresponding vertices of the graph
shown in Figure 5.
The initial discrete state is q1 .
Σ = {σ1 , σ2 , σ3 , σ4 } is the set of discrete inputs, where
σ1 represents the request of an ITP, σ2 means the abnormal termination communication, σ3 means a situational
awareness error and σ4 represents the communication of
ITP terminated.
Ψ = {ψ1 , ψ2 , ψ3 , ψ3 , ψ4 } ∪ {ε} is the set of discrete
outputs where ψ1 means the clearance issued, ψ2 represents the ITP request denied, ψ3 represents the abnormal
termination conﬁrmation, ψ4 means the conﬁrmation of
a standard ITP termination.
E ⊆ Q × Q is the set of transitions given by the graph
depicted in Figure 5. A label σ ∈ Σ is associated to each
edge as shown in Figure 5.
η : E → Ψ the discrete output function deﬁned by the
graph depicted in Figure 5.

Fig. 5.
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Discrete graph of the Oceanic Controller agent
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At the beginning of the ITP application, the discrete state
is Monitoring (i.e. discrete state q1 ), which models the usual
monitoring of the controller. When the ITP request from the
ﬂight crew is received, the controller can decide to issue
or deny the clearance on the basis of the veriﬁcation of
some criteria. If the request is not accepted, the controller
communicates the deny to the ﬂight crew and the discrete
state does not change; if the clearance is issued, the discrete
transition to the ITP clearance issued (q2 ) takes place. During
the veriﬁcation of the criteria, the controller can make an
error due to a wrong situational awareness. In this case, an
unobservable transition from ITP clearance issued (q2 ) to Non
ITP criteria compliant clearance issued (q3 ) takes place. From
both ITP clearance issued (q2 ) to Non ITP criteria compliant
clearance issued (q3 ) it is possible to jump to Abnormal
Termination (q4 ), when the ﬂight crew communicates the
occurrence of an abnormal event; otherwise, if the controller
receives the conﬁrmation of a standard ITP termination by
the ﬂight crew, the discrete state is reverted to the initial
Monitoring (q1 ) state.
IV. H YBRID O BSERVER OF THE ITP AGENTS
The hybrid model presented in the previous section describes in detail the procedure and identiﬁes safe and unsafe
scenarios. For safety analysis it is important to detect, instantaneously or with an acceptable delay, the discrete states of the
hybrid model associated with hazardous situations. This issue
represents a typical discrete observability problem of hybrid
systems. The idea is to design a ﬁnite state machine, known
as an ”observer”, which is able to discriminate the current
discrete state using only the observable output generated by
the transitions.
In the literature, several deﬁnitions of observability for
hybrid systems have been proposed. As deﬁned in [7], [11],
an hybrid system is K-current-state observable if any discrete
location of the hybrid system can be identiﬁed by the use of
the discrete outputs, after a ﬁnite number K > 0 of discrete
transitions. It should be noticed that this notion cannot allow
for the immediate detection of critical states (i.e. K = 0).
An alternative deﬁnition is presented in [8] and requires that
all the states of the system, both safe and unsafe, have to be
immediately observable. For safety analysis it is sufﬁcient to
consider the observability only of the set of the critical states
instead of the whole discrete state space. This approach is
considered in [9] where critical observability is proposed.
The next section presents the hybrid observer designed
for the Pilot Flying of ITP Aircraft Agent. This observer
checks for the critical observability of the agent, assuming
Qc = {q8 , q9 , q10 } as set of critical states. The same approach
can be used to design the observer of the other agents involved
in the ITP procedure.
A. Hybrid Observer of Pilot ﬂying of ITP aircraft Agent
The algorithm presented in [9] provides a method to design
the observer Op of the hybrid system Hp starting from the
direct graph associated to the system. In this way, the observer
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obtained is a ﬁnite state machine Op = (Q̂, q̂0 , Q̂m , Ψ̂, Ê, η̂)
deﬁned as follows:
•
•
•
•

•
•

Q̂ = {{q1 , q2 , q3 }, {q4 }, {q5 }, {q6 }, {q7 , q8 , q9 }, {q11 },
{q10 , q12 }}, where qi are the discrete states of Hp .
The initial state is q̂0 = {q1 , q2 , q3 }.
The set of ﬁnal or accepting states is Q̂m =
{{q7 , q8 , q9 }, {q12 , q10 }}
The set of discrete inputs Ψ̂ = {ψ1 , ψ2 , ψ3 , ψ4 , ψ5 , ψ6 },
where each ψi represents a discrete output of the hybrid
system Hp .
The set of transitions Ê ⊆ Q̂ × Q̂ given by the graph in
Figure 6.
The discrete output function η̂ deﬁned as the identity for
all the edges.

Roughly speaking, assuming ψi a discrete output of Hp
and q̂i the current state of Op , each state of the observer is
designed by grouping together the discrete states qi which
can be reached from all the states qi ∈ q̂i by a transition
labeled with ψi , and all the discrete states qi which can be
reached from the ﬁrst ones by an unobservable transition.
The discrete outputs of the hybrid model now are used to
trigger the transitions of the observer (i.e. they are considered
discrete inputs of Op ). For this reasons, the discrete states of
the observer are deﬁned as sets of qi . The graph of the observer
Op is depicted in Figure 6: the initial state groups the initial
states of H̃p (i.e. q1 ), and the states that can be reached from q1
through transitions with unobservable output (i.e. q2 , q3 ). As
the ﬁrst observable output (i.e. ψ2 ) is available, the associated
transition of Op (i.e. from {q1 , q2 , q3 } to {q4 }) takes place.
Then, each time that a new observable output is generated,
a new transition of the observer is triggered according to the
graph.

Fig. 6.

The observer Op

It should be noticed that the observer Op cannot be used to
identify immediately the critical discrete states. In fact, there
exists two discrete states of the observer where both safe and
unsafe states qi coexist. However, critical observability can be
recovered by generating a set of extra output signals which can
be used to distinguish when the system reaches a critical state.
These signals can be generated with a non-zero time δ from the
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continuous inputs, outputs and dynamics. The generating time
of the extra outputs creates a delayed detection of the critical
states. This kind of observability is known as δ−observability
(i.e. [3]). The observer Õp deﬁned after the generation of the
extra-output is able to discriminate the critical states with a
delay δ which has to be acceptable. Õp is shown in Figure 7:
within this graph, the new transitions triggered by the extra
output signal (i.e. from {q7 , q8 , q9 } to {q8 , q9 } and {q10 , q12 }
to {q10 }) allows to discriminate the unsafe states.

Fig. 7.

The observer Õp with delay δ. New outputs are ψ8,9 and ψ10
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V. C ONCLUSION
In this paper the hybrid system framework for safety
modelling in air trafﬁc management applications has been
discussed. The need to develop new sophisticated modelling
methodologies originates from new challenges in safety and
from the increasing of inherent complexity in the airborne
procedures. A speciﬁc procedure, the ASEP-ITP, has been
investigated to show how this framework can be used to
represent a complex multi-agent application in which a wide
set of possible abnormal scenarios may happen. In the aviation
context, possible catastrophic events can take place due to an
error of a single agent involved in the procedure. It has been
shown how the hybrid system framework allows the description and the detection of these errors and the understanding of
their effects on the evolution of the procedure. The observers
which have been proposed here will allow to perform a formal
safety analysis, which investigates unforeseen circumstances
originated by the interaction of the hybrid agents.
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