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Abstract

Purpose: The aim of this study is to investigate the general principles of safety and capacity management in Aero-
nautical systems regarding air traffic flows operations under uncertainty conditions. In this work the theoretical
framework assessing at the same time both the uncertainty model and flight plans model are proposed. Methods: To
study features of safety of air traffic flows and capacity under uncertainty conditions were built the original prob-
abilistic models including Bayesian Network for flight plan and air traffic control sector model based on Poisson
Binomial Distribution. Results: We obtained models for safety management of air traffic flows and capacity under
uncertainty conditions. We discussed appropriate approach for estimating the parameters of safety of air traffic
flows and capacity under uncertainty and Markovian uncertainty model for the flight plan. Discussion: We devel-
oped the Bayesian Network for flight plan and air traffic control sector models for safety management of air traffic
flows and capacity under uncertainty conditions.

Keywords: aeronautical system; air traffic flow and capacity management; air traffic services; flight safety

assessment; safety of flights; uncertainty factors.

1. Introduction

Nowadays, delays and flight cancellations in air traf-
fic management are the significant problems, which
are mainly connected with capacity limits, particu-
larly in Europe and Northern America where the
flight volumes are high.

The air traffic flow and capacity management
(ATFCM) is a service with the objective of manag-
ing the balance of demand and capacity by optimis-
ing the use of available resources and coordinating
adequate responses, in order to enhance the quality
of service and the performance of the Air Traffic
Management (ATM) system.

In situations, when uncertainty about the future is
high, ineffective regulations might be issued. This is
the main reason for the introducing of the Short-term
ATFCM measures in the process. These are intended
to solve small disruptions locally in time and space,
and encompass minor ground delays, flight level
capping and minor rerouting.

The ATFCM is carried out by Network Manager
(NM) in four phases (irrespective influence of uncer-
tainty factors) (Fig. 1).

1. Strategic Flow Management takes place seven
days or more prior to the day of operations and in-
cludes research, planning and coordination activities
through a Collaborative Decision Making (CDM)
process. This phase comprises a continuous data col-
lection with a review of procedures and measures
directed towards an early identification of major
demand / capacity imbalances. When imbalances are
identified, the NM is responsible for the overall co-
ordination and execution of strategic ATFCM plan-
ning to optimise all available capacity and achieve
performance targets.

2. Pre-Tactical Flow Management is applied during
the six days prior to the day of operations and consists of
planning and coordination activities. This phase studies
the demand for the day of the operation, compares it
with the predicted available capacity on that day, and
makes any necessary adjustments to the plan that was
developed during the Strategic phase. The main objec-
tive of the pre-tactical phase is to optimise efficiency
and balance demand and capacity through an effective
organisation of resources and the implementation of a
wide range of appropriate ATFCM measures.
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Fig. 1. Network Manager Operations Centre Structure

3. Tactical Flow Management takes place on the
day of operations and involves considering, in real
time, those events that affect the ATFCM Daily Plan
(ADP) and making the necessary modifications to it.
This phase is aimed at ensuring that the measures
taken during the strategic and pre-tactical phases are
the minimum required to solve the demand / capac-
ity imbalances. The need to adjust the original plan
may result from disturbances such as staffing prob-
lems, significant meteorological phenomena, crises
and special events, unexpected limitations related to
ground or air infrastructure, etc. and taking advan-
tage of any opportunities that may arise. The provi-
sion of accurate information is of vital importance in
this phase, since it permits short-term forecasts, in-
cluding the impact of any event and maximises the
existing capacity without jeopardising safety.

4. Post Operational Analysis is the final step in
the ATFCM planning and management process and
takes place following the tactical phase of opera-
tions. During the post operations analysis phase, an
analytical process is carried out that measures, in-
vestigates and reports on operational processes and
activities throughout all domains and external units
relevant to an ATFCM service. This phase compares
the anticipated outcome (where assessed) with the
actual measured outcome, generally in terms of de-
lay and route extension, while taking into account
performance targets.

The recent technologies and navigation tools
open the way to new opportunities for planning dur-

ing the pre-tactical and tactical phases of ATFCM.
Because the ATFCM tactical temporal horizon can
go beyond 2 hours, it must deal with the different
uncertainties relative to the dynamic air situation and
environment. The may be connected with late depar-
ture, wind variations, conflict situations between
aircraft in the air and on the ground, safety and secu-
rity issues, avoidance of hazardous meteorological
phenomena.

2. Analysis of the latest research and publica-
tions

Activities and operations connected with air traffic
flow and capacity management described in appro-
priate Eurocontrol documentation [1-2]. The area of
applicability, ATFCM phases, CDM principles and
ATFCM solutions for capacity shortfalls are de-
scribed fully in ATFCM Operations Manual [1]. The
applied techniques of ATFCM, processes connected
with ATFCM, slot allocation process and are written
in the ATFCM Users Manual [2].

Principles of multiobjective tactical planning un-
der uncertainty for air traffic flow and capacity man-
agement and original methodology to tackle uncer-
tainty regarding aircraft trajectories and airspace
sector crossings are discussed in [3].

The principles of static approach in air traffic
flow management rerouting problem, including all
phases of flight, ground and air delays, rerouting and
flight cancellations are proposed in [4]. Another the-
ses [5] include a stochastic formulation with discrete
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probabilities associated to scenarios for sectors. In
[6] optimisation task to minimize directly the prob-
ability of congestion in the sectors is described (used
concept of chance constraints).

Principles of multiobjective optimisation appli-
cable to air traffic control were considered in [7] in
order to minimize an aggregated complexity metric,
designed and validated by Eurocontrol for different
sectors. Also, in [8] studied the multiobjective ap-
proach to model processes and interactions of sector
congestion and air delays (the decision space in-
cludes departure time and chosen routes). Multiob-
jective algorithm generates set of solutions with a
diversity measurement in order to distribute them on
the Pareto front.

The safety management of air traffic flows and
capacity requires solution of set of problems, one of
which is taking into consideration the influence of
uncertainty factors on Air Traffic Services. Some
aspects connected with uncertainty factors analysed
in [7-9]. Besides, a research of the uncertainty was
conducted by [12] with an analysis of the prediction
error of the time of arrival of the aircraft (main hy-
potheses — a Gaussian distribution of the random
variable of the prediction error).

3. Mathematical formulation of models of safety
management of air traffic flows and capacity un-
der uncertainty conditions

Let us propose the probabilistic model of flight plan
under uncertainty conditions, where flight plan

feF with n waypoints denoted by X/,..., X/
and associated to n random variables Tlf ,...,Tnf ,
where 7;/ ' represents the time of overfly of flight f
over waypoint X l:f , and let us call pl:f the probabil-
ity density of 7;f , dropping the superscript f when

there is no ambiguity. According to standard defini-
tion, the marginal probability is [3]:

PIT, e AT =1,]= [ py(tfe)dr (D)
At

where pi‘j(T|ti) is the conditional probability that
the flight is over X, during the time interval Af

given that the flight is over the point X, at time ¢,.

1
Let’s define an uncertainty model for any trajec-
tory. To expose easily the concepts presented here,

we rely on the graphical model on Fig. 2, namely a
Bayesian Network, to represent the interactions be-
tween our random variables, illustrated with green

circles. An arrow between 7; and 7,,, shows that

the former influences the latter, or more precisely,
that the two random variables are not independent.

The joint density function of 7; and 7}, is [3]:
Diin(t) = pi+1\i(ti:ti+1) -p,(t) (2)

This equality represents the propagation of the in-
formation in the same direction than the sequence of
waypoints. As a first physical constraint, in order to
respect the arrow of time along the sequence, we
impose:

P (t,t)=0,if t, 21,V >i
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Fig. 2. Model of the Bayesian network for a flight plan

Now, let’s generalize the joint distribution for an
arbitrary number of waypoints [3]:

Pin(tiy)=p N[N (ty |t 1) Pryvatiy)
= Pyin (tN|tN—1) P (tw,l ) 3)

N
= Hpi\H (¢ |ti—1) p, (1)
=2
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The first equality is obtained with the definition
of the joint probability; the second equality requires
the assumption of conditional independence also
known as the Markov assumption. Then, the process

is iterated for each 7, from N —1Ito 1 in order to

obtain the last equality. Equation 3 is the markovian
uncertainty model for the flight plan.

Here is the air traffic control sector model under
uncertainty conditions based on Poisson Binomial
Distribution, where we give the closed-form equa-
tion for computing the exact probability that a sector

is congested, which requires S, s» the Bernoulli

random variable that the flight f is in the sector s

at time ¢, and § ; ; its complementary. Notice that

(S s 11€ Q) is a stochastic process where €2 is the

time horizon.
Then, the probability to not be in the sector during

the time interval Af = (¢ ) is the probability to

min ’ max

enter after 7, or the probability to exit before 7, .

ax
Because of the arrow of time constraint, these two
events are mutually exclusive and one obtain [3]:

P(S)=P(T >1,,)+P(T/ <
=[1-P(T) <t,, )]+ P(T) <t,,) @
= 1 - F:'f (tmax) - ijf (tmin)

= P(S, )= F/ (ty) = F/ (1)

mm )

When (¢ ) — 0, we obtain the values for

max ~ Lin
S;f. Now, inference on the presence of many
flights in a given sector during an interval can be
undertaken. To do so, let K; be the random variable

of the number of flights in the sector s at time .
Then, by using a multi-index notation, we have [3]:

P(K!=n)= ZHP(S DY P )T (5)

a =nfeF

where a= (al,...,aN,v )e {O,I}N[S ,

la=a,+-+ay, and Ny =|iP(S],) %0}

Again, {Kg:t€ Q} corresponds to a stochastic

process and these are depicted with diamonds on the
graphical model.

4. Conclusions

In this work we proposed the theoretical framework
assessing at the same time both uncertainty factors
model and flight plans/ air traffic control sector pa-
rameters. The factors of uncertainty should be con-
sidered as one of the most important contributors
influencing safety management of air traffic flows
and capacity. The uncertainty origins, which should
be taken into consideration are: staffing problems,
significant meteorological phenomena, crises and
special events, unexpected limitations related to
ground or air infrastructure, etc. The solution of un-
certainty triggered problems will result in increasing
safety level by application of practical models and
algorithms of safety management of air traffic flows
and capacity.
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Ipunnunm ynpapiHHs 0e31eK010 MOTOKIB MOBITPSHOT0 PYXY TA MPOIYyCKHOIO 31ATHICTIO B YMOBAaX HeBH3HAYEHOCTI
L2 Texnonoriunuit yHiBepcutet Hinroo, nopora ®enxya, 201, Hin6o, Kuraii, 315211
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Meta: MeToro OO0 JOCIIKEHHS € BUBYEHHSI 3arajibHUX IMPHHIUIIIB YIIPAaBIIiHHS OE3MEKOI0 Ta MPOIYCKHOIO 3/aTHi-
CTIO B aepOHaBiraliiHUX cHCTeMax IO0 MOTOKIB MOBITPSHOIO PyXy B yMOBaxX HEBH3HaueHOCTI. Y Wil poOoTi 3arpo-
MIOHOBaHO TEOPETHYHI OCHOBH CHUJIBHOI OLIHKHM MO/IEJi HEBM3HAYECHOCTI 1 MOJIEI IUIaHIB MOJb0Ty. MeToam qocimKeH-
Hs1: J[nst BUBYEHHS 0coOmMBOCTEl 3a0e3neyeHHs Oe3MeKH ITOTOKIB HOBITPSHOTO PYXY Ta MPOITyCKHOI 3/[aTHOCTI B yMO-
BaxX HEBM3HAYEHOCTi Oyso moOyJoBaHO OpUTiHAJIBHI IMOBIpHICHI Mozeli, BKItOYaoun baiiecoBy Mepexxy Juis IUIaHiB
MOJIBOTIB 1 MOZIENb CEKTOpa IMOBITPSIHOTO PyXy Ha OCHOBi OiHOMianeHOro posmnoairy Ilyaccona. PesyastaTn: Byno
OTPUMAHO MOJETI s YIPaBIiHHA O€3MEKO0 MOTOKIB MOBITPSHOTO PYXY Ta MPOITyCKHOI 34aTHOCTI B yMOBaX HEBHU3HA-
YeHOCTi. PO3IIITHYTO BIAMMOBIAHWHN MiAXid A OIIHKY MapameTpiB Oe3MeKH MOTOKIB MOBITPSHOTO PyXy Ta MPOIYCKHOL
3IATHOCTI B YMOBaxX HEBH3HAYCHOCTi i MapKOBCBKY MOETh HEBU3HAYCHOCTI JUIA IUTaHy MONboTy. O6ropopenns: Pos-
pobeHo baecoBy Mepexy Ui IIaHy MONBOTIB i MOJIENTb CEKTOPA TOBITPSHOTO PyXy UL YIPABIiHHS O€3MEKO0 MOTO-
KiB MOBITPSHOTO PyXy Ta MPOITyCKHOIO 3AATHICTIO B YMOBaX HEBU3HAUEHOCTI.

KuarouoBi ciioBa: aecpoHaBiraiiifHa cuctema; 0e3reka MoJIbOTiB; 00CIYTOBYBaHHS IOBITPSHOTO PYXY; OIIHKA O€3IeKH
MTOJTBOTIB; YIIPABIIHHS MOTOKAMH MTOBITPSHOTO PyXy Ta IMPOITyCKHOIO 3AaTHICTIO; (PaKTOpH HEBU3HAYEHOCTI.

Banr Bo', B.IIL. Xapllemcoz, 10.B. Ynnuenko®

[puHuunbl ynpasjieHHs 0€30MaCHOCTHIO MOTOKOB BO3AYIIHOI0 ABH)KEHHS] H MPOMYCKHON CIOCOOHOCTHIO B ycC-
JIOBUAX HEONMPEACJTCHHOCTH

L2 Texnonornueckuit yauBepcuteT Hunr6o, nopora ®enxya, 201, Hunbo, Kurait, 315211

23HanmoHanbHbIH aBHAIMOHHbIH yHuBepcutert, npoci. Kocmonasta Komaposa, 1, Kues, Ykpauna, 03680

E-mails: 'vanbo@ nau.edu.ua; 2kharch@nau.edu.ua; 3chynchenko@gmail.com

Hean: Llenpio TaHHOTO HCCEIOBaHUS SBIISIETCS N3yYEHUE OOMIMX NMPUHIMIIOB YIIPaBICHUS 0E€30IIaCHOCTHIO U MPOITY-
CKHOHM CITOCOOHOCTBIO B a3POHABUTAIIMOHHBIX CHCTEMax B OTHOIICHWH MOTOKOB BO3IYIIHOTO IBHMXXEHHS B YCIOBHAX
HeonpeneIeHHOCTH. B naHHOM paboTe mpeyuIosKeHbl TEOPEeTHIECKHE OCHOBBI COBMECTHOM OIIEHKH MOJIENH Heolpese-
JICHHOCTH ¥ MOJIENIU IIIaHOB moneTa. MeToabl ucciaenoBanus: [l u3yueHus ocobeHHoCcTel obecrnedeHus 6e3omac-
HOCTH TIOTOKOB BO3/YIIHOTO JBHMXXECHUS U MPOIyCKHON CIIOCOOHOCTH B YCIIOBHSIX HEOINPEIEIEHHOCTH, OBLTH MOCTpOe-
HBI OPUTHHAJIBHBIC BEPOSTHOCTHBIE MOJIEIH, BKJIFOYAsi OalieCOBCKYIO CETh ISl IIJIAHOB MOJIETOB U MOJIETh CEKTOPA BO3-
JIyLITHOTO JBMDKEHHUS Ha OCHOBE OmHOMHanbHOTO pacnpeneneHus Ilyaccona. Pe3yabTaThl: BelUtH NOTydeHBl MOIETH
JUIsl yTIIpaBJieHHs 0€3011aCHOCTHIO OTOKOB BO3AYIIHOTO JIBMKEHUS M MPOITYCKHOW CIIOCOOHOCTH B YCJIOBHSAX HEOIpEe-
JIEHHOCTH. PaccMOTpeHBl COOTBETCTBYIOMIMH IOAXO[ IJIs OLEHKH HapaMeTpoB O€30I1aCHOCTH IIOTOKOB BO3/YIIHOTO
JIBIDKEHUSI U TIPOIYCKHOM CIIOCOOHOCTH B YCJIOBHSIX HEOINPEIEJICHHOCTH M MapKOBCKash MOJENb HEONpeIeIeHHOCTH
Juis T1aHa nonera. Obcysknenne: PazpadoTansl GaliecoBcKast CeTh [UIsl IUIaHA IOJIETa U MOJIENb CEKTOPa BO3YIIHOTO
JIBYDKEHHS 711 yIIpaBIIeHNs! 0€3011aCHOCTBIO IIOTOKOB BO3IYLIHOTO JBMXEHUS M IIPOITYCKHOW CIIOCOOHOCTH B yCIIOBHSAX
HEONPEIEIICHHOCTH.

KiioueBble €jI0Ba: adpOHABUTALMOHHAS CHCTEMA; 0€30MaCHOCTh IIOJIETOB; OOCIY)KUBAHME BO3AYLIHOIO JBHIKEHMS;
OlLIeHKa 0e30MaCHOCTH I0JIETOB; YIIPABJICHUE MOTOKAMHU BO3YIIHOTO ABWKEHHS U NPOITYCKHOW CIIOCOOHOCTHIO; (hakTo-
PBI HEOIIPEAECIEHHOCTH.
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