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Abstract

Safety of air transportation grounds on the exact following of preplanned trajectory by each airspace
user. Different degradation factors actions on normal airplane operation lead to deviations out of
cleared flight level that affect aviation safety level. In the paper we propose to use airplane trajectory
data transferred by Automatic Dependent Surveillance-Broadcast equipment to estimate the risk of
vertical separation loss. Risk is estimated as an area below the Probability Density Function of airplane
deviation within altitude perils of cleared flight level. Data of barometrical altimeter measurements are
used to fit double exponential and Triple Univariate Generalized Error Distribution probability density
functions. A method of Maximum Posterior Probability is used to identify the flight phase with cleared
flight level. Barometric altitude at the en-route phase of flight is only used. Proposed approach makes
it possible to estimate risks by airplane type, airline, flight connection, pilot staff, flight route, or by part
of airspace. As an example, a three months statistic of flight connection between Boryspil and Kharkiv
airports is used to estimate the risk of vertical separation loss.
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1. Introduction

Operation of global air transportation system grounds on insuring a particular level of flight safety.
The safety of air transportation depends on action of different factors in normal airplane operation
[1, 2]. Excessive action of some factors, or their combinations can lead to an incident or even
airplane catastrophe. Therefore, the level of flight safety is under continuous control in order to

identify the condition of beginning process of reducing level of flight safety.

The level of flight safety can be estimated by statistical analysis of dangerous events that took
place during airplane operation to the number of flights, passengers, or a particular level of flight
time. All reduced safety events in aviation are classified by incidents and accidents. An accident
is an event with airplane in which any person has been seriously injured or fatalities or airplane
structure has serious damage which corresponds to total airplane loss [3]. An incident is another
than accident event, that took place during airplane operation and reduce flight safety level. Results
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of statistical analysis indicate that 221 accidents have occurred from 2017 to 2021 with 1035
fatalities in civil aviation [4]. Aviation safety categories are introduced to analyze degradation
factors action into airplane flight. The most frequently used accident safety categories include
runway-taxiway excursion, undershoot, controlled flight into terrain, in-flight damage, loss of
control during en-route, and hard landing. Results of safety analysis for accident frequency and
risk of fatality measured per flight is represented in Figure 1 [4]. Analysis of data indicates that
runway-taxiway incursion is the most frequent event with 25% of all accidents, however, the risk
of fatality is one of the lowest. On the other side risk of fatal cases is the highest for the category
of control loss during en-route phase of flight with a small frequency of occurrence. It indicates
that category loss of control during en-route is the most dangerous based on the number of fatalists.
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Figure 1: Statistic of accidents category for 2017-2021

Loss of control category includes a list of degradation factor influences during normal flight at en-
route state. Most cases include different equipment failure occurrences and human factor action
[5]. Advanced reliability analysis of equipment can minimize the action of this factor and improve
flight safety [6, 7].

Another approach to air traffic safety estimation grounds on using Probability Density
Functions (PDF) which describe airplane deviations from the predefined trajectory. In this case,
PDF is recovered from big data analysis of airplane actual trajectories, which can be measured by
different sensors. In this case, a precise radar [8, 9] or Global Navigation Satellite System (GNSS)
can be used to obtain precise airplane trajectory measurements [10].

The risk of airplane deviations on parallel routes is studied with a help of a double exponential
PDF [11]. Triple Univariate Generalized Error Distribution is used to take into account influence
of rare events, flight technical, and navigation errors [12] on airplane deviations from the
centerline of flight route in horizontal plane [13]. Also, normal and double Laplacian PDF are used
to estimate the risk of airplane deviation from cleared flight level in vertical plane [14]. The level
of airplane deviations from cleared flight level is an important parameter that affects flight safety,
due to using a flight leveling system in vertical plane to control air traffic flow.



In this paper, we study particular airplane deviations from cleared flight level in order to
estimate probability of vertical separation loss, which took place during en-route phase of the
flight. Estimated risk values help to identify the current level of flight safety.

2. Flight leveling system

An air traffic system uses a vertical division of flight routes into flight levels (FL). Vertical
separation between airplanes is done by flight level height. Flight levels are coded by numbers of
100 ft and start from 100 FL up to the whole used altitudes for air traffic. Below 8850 m (290 FL)
height of each level is 300 m. Also, equipment and visual flight rules are used below 290 FL where
the most weather fenomenas negative action are concentrated [15, 16]. Above 290 FL vertical
separation in 600 m is used for flights by equipment [17]. Many airspaces include areas of Reduced
Vertical Separation Minimum (RVSM) inside which the height of flight levels is 300 m in the
range of 290 FLL — 410 FL [18]. RVSM is designed to increase the capacity of airspace.

Air traffic uses a barometrical altitude to count flight levels. Barometric altimeter uses a
formula of static pressure dependence on altitude. Static pressure is reduced with increasing
altitude due to changing the number of gases in space. A set of hypsometric formulas are used for
different atmospheric layers to measure altitude.
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Figure 2: Static pressure dependents on altitude

Within the troposphere atmospheric layer (below 11000 m) altitude can be calculated by following
hypsometric formula:

TtropoR

HE) =222l1- () ¢, ()

Ttropo Ptropo



where piqp,=760 [mmHg] is standard pressure level, T;,,—288.15 [K] is the standard temperature,
£=9.8 [m/s?] is a gravity acceleration, R=8.314 [j/(mol-K)] is gas constant, Tuopo is the temperature
gradient, u=0.0289644 [kg/mol] is air molar mass.

Inside of tropopause layer, another formula is used:

H(p) = hpause - (RTpause) ln( P ), (2)

Hng Ppause

where /pause=11000 [m] is the bottom line of the layer, T,uuse=216.66 [K] and ppause=169.75
[mmHg] are temperature and pressure at starting line of tropopause .
Lower part of stratosphere (20 000 — 32 000 m):
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where /544,=20000 [m] is the bottom line of the layer, Ta=216.66 [K] and psyais=41.065
[mmHg] are temperature and pressure at starting line of the stratosphere Tswato 1S temperature
gradient.

Hypsometric formulas give altitude by measured static pressure value. Also, barometric
altitude is counted from the isobaric line of constant pressure which is called Mean Sea Level. A
level of 760 mmHg is used as a standard pressure for isobaric line [19]. Each airspace user
measures its barometric altitude from one unified isobaric level, which makes it possible to realize
vertical separation with a help of flight levels. Measurements of static pressure at high speed
moved airplane body introduce different types of errors which depends on airflow parameters and
configuration of static pressure probes location. An error of static pressure measurements forms
an error of altitude measurements [20].

3. Risk of vertical separation loss

Risk of vertical separation loss is a probability of airplane deviation out of cleared flight level
perils. It may occuared in case of ecssevive errors of measurements action or uncorect operation
of flight control system [21, 22]. This probability can be counted as the frequency of events
happening. However, these deviations are referred to as very rare events, that require operating
with a very long set of trajectory data, which may not be available. Therefore, such kind of
probability can be estimated as an area under PDF out of a particular altitude frame. In this case,
an assumption of deviation distribution should be made based on a particular scenario. Thus,
normal PDF (NPDF), double exponential PDF (DEPDF), and Triple Univariate Generalized Error
Distribution (TUGED) PDF can be used. Parameters of PDF are tuned based on available
trajectory data.
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Figure 3: Probability of airplane deviations out of cleared flight level

Probability of airplane deviation can be estimated as follows:
R=P{ H(FL) — 0.5A(FL) < h(p) > H(FL)+0.54(FL)}, (4)

where H(FL) is a cleared flight level altitude, 4(FL) is the height of cleared flight level, 4(p) is a measured
barometrical altitude.
Based on known PDF, risk R can be estimated as follows:

R=1— fH(FL)+0.SA(FL)

H(FL) - 054(FL) P (h)dh, (5)

where p(h) is particular PDF.

DEPDF is used in the scenario of normal barometrical error distribution and exponential
distribution of appearance rare events. DEPDF includes a mix of two exponential functions one of
them operates in the core, and another is mostly active in the tails sides. DEPDF can be represented

hop

in the following form [14]:
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where a; and a; are scale factors; b; and b, are shape parameters; I' is a gamma-Euler function;
| is mean value, o is a mix parameter.

TUGED model is used in the scenario taking into account three components of errors: error of
barometrical altitude measurements, flight technical error [24], and appearance of rare events:

h—-u

az

-1 -1
__ @ =t ™ 8 b
p(Y) - 2a1b11"(b1) exp < ay ) + 2a2b21"(b2) exp < a ) +
1-a—p |y=bs b3 (7)
2a3b3l"(b3) exp as !

where as is scale factor; b3 is shape coefficient; a and B are weight coefficients of core.



The following constraints are applied in equation (7) [13]:
0Ofa+p =1,
l<as oo, (8)
0.5=<h=1.

DEPDF is the more common model. TUGED in comparison with DEPDF helps to separate
two different types of error action in the core of PDF.

4. Input data

As input, we use barometric altitude data transmitted by airplane transponder of Mode 1090ES
under the Automatic Dependent Surveillance-Broadcast (ADS-B). According to ADS-B any
airspace user should be equipped with a Mode 1090ES transponder and share in open format
position report for anyone who needs it. Transmitted automatically digital message includes
unique ICAO identification code of airplane and airborne position. Airborne position report
consists of coded values of latitude, longitude, and barometrical altitude [23]. A Global Navigation
Satellite System (GNSS) is used as a primary positioning sensor. In the case of GNSS lock,
methods of positioning by pairs of navigational aids are used as a main backup technology [25,
26]. Also, an inertial navigation system can be initiated during a short period of time due to
additive errors influence of gyroscopic sensors on board of heave airplanes [27, 28]. Decoded
values of position reports can be used to track any airspace user including altitude measured on
board by Air Data System or by a simple barometrical altimeter. Due to the limited range of radio
communication line, a network of software defined radios is used to collect the data along the
whole airplane trajectory.

Raw barometric data set includes all altitudes from take-off to landing. Thus, another important
task is the clusterization of altitude data into flight phases and use altitudes of en-route phase for
evaluating parameters of PDF. A detector of flight phase is required due to the absence of these
data and operation only with a barometrical data set. As an example, the altitude of flight SIA 391
for connection LTFM — WSSS is represented in Figure 4. Cleared flight level can be changed
many times during one flight. For flight SIA 391 cleared flight level has been changed three times
360 FL, 380 FL, and 400 FL.
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Figure 4: Airplane altitude for SIA 391 flight on October 26, 2022




En-route phase detection can be done by a simple trigger function based on vertical rate estimated
by nearest altitude data and known time shifts between them [29]. However, this trigger does not
take into account errors in altitude measurements [30]. The method of Maximum Posterior
Probability (MPP) [31] gives better cauterization performance with minimal classification errors.
MPP method considers two hypotheses: the airplane is at en-route phase of flight — Q.. and
airplane is at other phases — Qy. Let’s consider the actual state without any prior probability. Thus,
the sum of prior probabilities of these hypotheses appearance form a full group:
P(Qen) +P(Q0)=1 .
Also, we consider each of these hypotheses is equally probable:
P(Qen)=P(0y)=0.5.
MPP method grounds on estimation posterior probabilities of each hypothesis presents at each
data point P(Q/b;) with a help of Bayes formula [31]:

N\ — P(Qen)P(bj/Qen)
P(Qen/by) = P(Qo)P(b;/Q0)+P(Qen)P(bj/Qen)’ ©)
P(Qo)P(b;/Q
P(Qo/by) = R (10

P(QO)P(bj/Qo)+P(Qen)P(bj/Qen)’
where P(bj/Q) is probability bj in the case of hypothesis Q evidence.
Detection of current phase is made by a maximum of posterior probability:

q = max{P(Qen/b;), P(Qo/b;)}.j = [1,2]. (11)
The main advantages of MPP include:

- obtaining probability of correct decision ¢ together with decision;
- indicates good performance in a noisy environment.

Bayes formula can be represented in form of PDFs using p(b/Q) instead of P(b/Q).
In this case, at the scale of parameter, a particular set of conditional PDF is fixed. Due to

measuring barometric altitude under the Gaussian noise action, as a conditional PDF p(b/Q) we
use NPDF:

1

oo

p(x); = exp (—’;(,’i) (12)
where y; and o; are mean and standard deviation values.

In our detector, a vertical rate is used as the main classification parameter. A value of vertical
rate is calculated by previous and current barometrical altitude in meters divided by the time
between their measurements.

Fixed conditional PDF for both hypotheses are presented in Figure 5 and corresponding
posterior probabilities in Figure 6 for the parameter of vertical rate.
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Figure 6: Posterior probabilities distributions

En-route flight phase detection with MPP makes it possible to grab only en-route altitude data to
perform statistical data analysis of airplane deviations from cleared flight levels.

5. Numerical calculation

Verification of the proposed approach has been done by using real airplane trajectory data obtained
by a network of software defined receivers including equipment located at the National Aviation
University.

We use 83 unique realizations of local flight AUI 25 with a connection between Boryspil
(UKBB) and Kharkiv (UKHH) international airports. These flights have been performed during
three month period from October 01, 2019, to January 02, 2020. This flight was served 51 times
by Boeing 737 and 32 times by ERJ-190 aircraft. Mean value of flight trajectory is 420 km. Mean
value of flight time is 32 min. Flight paths of all flights are represented in Figure 7. It should be
noted that we use data only in one direction from UKBB to UKHH. Trajectories variation in Figure
7 is a result of different schemes of Standard Instrument Departures (SID) and Arrival Route
(STAR) used, during movement in a particular airport vicinity. A small range of flight connections
does not require following exactly by the centerline of a preplanned flight plan. Therefore, in the
most cases aircraft just try to keep direct flight from final point of SID to start point of STAR.
Vertical profiles of these flights are presented in Figure 8. Also, due to the short range of flight



connections, aircraft is at climbing and descending phases most of the time. En-route phase usually
takes no more than 10 min for AUI 25. Also, a variety of flight levels are used: 250 FL, 270 FL,
290FL, 310FL, 330FL, and 350 FL. All flight levels are directed to support air traffic with a
heading angle in the range from 0° to 180°.

The data processing is performed in the specialy developed software in Matlab enviroment.

Then we apply MMP for detection of en-route phase dataset, based on vertical speed calculated
from barometrical altitudes. Obtained portions of altitude data we compare with altitude of cleared
flight level centerline. Results of airplane deviations from the centerline are represented in the
form histogram in Figure 9.
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A Maximum Likelihood Method is used to estimate parameters of PDF based on deviations
represented in Figure 9. Total size of input data is 997 data points. Mean value is -0.45m. Standard
deviation is 5.45 m. Result of TUGED fitting to input data by Maximum Likelihood Method gives
the following values for parameters:

a=05p=04; n=0; a1=30;a:=10;a3=2; b1 =0.5; b,=0.5; b3 = 1.

Results of PDFs fitting are presented in Figure 10.
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Figure 10: Results of PDF estimation



Risk of vertical separation loss is calculated by (5) taking into account that all flights are performed
inside the area of Reduced vertical separation minimum action. Thus, the height of flight level is
300m. The probability of flight-out of a predefined flight level is:

R=P{H(FL) - 150 < h(p) > H(FL)+150}, (13)

where H(FL) is a cleared flight level; 4(p) is measured barometrical altitude.

Different values of risk are obtained for different PDF used:

Rpeppr=3.2429% 10_9;

Rrucep=7.6883x1013;

Rxppr=6.7658%107168,

The level of risk values is different according to different tail models used in PDF. NPDF does
not have tails thus it gives the lowest value. TUGED and DEPDF include tails, however, their
models are different.

6. Conclusions

Maintaining the centerline of cleared flight level is an important component of flight safety. Based
on flight level number there is a predefined value of flight level height which guaranty safe
airplanes separation. The height of flight level utilizes perils of noise action. Proposed approach
helps to identify the risk of vertical separation loss which is a structural component of the entire
flight safety at a particular airway connection. During en-route phase of flight a cleared altitude is
used. An air traffic control grounds on precise maintenance of this altitude by each airspace user.
Airplane flights below or upper than cleared flight level reduce a flight level significantly due to
increased risk of mid-air collision with airspace users at the neighbor flight level.

Airplane trajectory data obtained by radio channel from transponder of mode 1090ES under
ADS-B are freely distributed with the same level of performance which is available on board. Data
processing of historical flights at the unique flight connection makes it possible to measure the
risk of particular flight level loss as well as the risk of airplane deviations from cleared flight plan.
Both of these risks are the main components of flight safety. ADS-B trajectory data can be used
to estimate risks of separations loss by airplane type, by airline, by particular flight connection, by
a pilot team, by particular flight route, or by a particular part of airspace. Risk obtained by TUGED
PDF can be used to identify navigation and flight technical error distribution, which can be used
to find ways of air traffic safety improvements.
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