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Abstract. Concepts of Air Traffic Management are focused on the geometry of airways. Today’s navigation
facilities are able to increase airspace capacity due to more accurate path keeping and providing reduced position
error. It will increase capacity of airspace but decrease safety level. According to this collision probability between two
aircraft flying on opposite tracks with reduced lateral separation is considered and compared with level of safety.
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1. Introduction

The commercial aviation industry is a significant
component of the global economy. More than
4.5 percent of the world economic output is
associated with the air transport component of civil
aviation (International Civil Aviation Organization
(ICAO), 1998).

The busiest airspace is congested for significant
periods of time due to a combination of traffic
volume, weather and other airspace restrictions. The
problem is to achieve the highest levels of efficiency
and safety. Airspace Management Concepts attempt
to mitigate required traffic flow management and
allow more user preference and traffic flexibility.
According to Seven-Year Flight Forecast of
Eurocontrol by 2018 anticipates 11.1 million
Instrument Flight Rules movements in Europe. From
2014 it will grow in averages 1.9 % per year for the
whole 2012-18 period. Flight delays rise with traffic
growth. The cause for this delay is commonly
referred to as a “lack of capacity” (Elefante 2001).
Capacity of the airspace is constrained by many
factors including number of runways, aircraft
separation requirements, and the Air Traffic
Controller workload limitations.

Any increase in capacity must be accompanied
by a demonstration that such an increase will be safe

(Fig. 1).
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Fig. 1. Dependence between airspace structure,
capacity and safety

As capacity of airspace increases, the relative
safety must decrease to achieve the same absolute
accident rate over time.

2. Literature overview

The existing Air Traffic Service route structure often
involves mileage penalties, compared to the most
economic routes, which may be great circle routes
but which also take into account wind, temperature
and other factors such as weight of the aircraft,
charges and safety (International...2002).

According to navigation facilities one of the
possibilities to increase airspace capacity is to
reduce separation minima (Moek, Smeltink 2005).

Aircraft separation standards use space and time
divisions to prevent conflict and confrontation
(Thompson 1997). On one side Separation minima
reductions will increase capacity of airspace, but on
the other side growing air transport demand will
provide rising risk of conflicts and collisions
(Netjasov 2010).

Safety depends of the density and complexity of
air traffic and overall air traffic states (for winter or
summer, weather patterns etc.) (Eurocontrol
Metrics...2000).

Concepts of “capacity”, “safety” and “technology”
are focused on the geometry of airways:

— capacity increases for smaller separation L;

— navigation and flight technology should
provide a reduced root mean square (r.m.s.) position
error G ;

— combination of L and o should be such that
the probability of collision does not exceed ICAO
Target Level of Safety (TLS) of 5x10° per hour
(Campos, Marques 2011; Masao, Masato 2008).
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The actual motion of the aircraft is affected by
uncertainty, due mainly to wind, but also to errors in
tracking, navigation, and control (Netjasov, Milan
Janic 2008). The deferent sources of uncertainty
affecting the aircraft motion generally cause
deviations from the nominal flight path (Moek,
Smeltink 2005).

Thus the goal of this paper is to determine the
collision probability between two aircraft flying on
opposite tracks with reduced lateral separation,
which compares with the ICAO TLS.

3. Aircraft collision probability on parallel flight
tracks

Large aircraft flight deviations are rare events and
the r.m.s. position error is an indirect safety metric
because it specifies an upper bound for the
probability of collision (Campos, Marques 2011).
The r.m.s. position error is easy to implement as a
safety metric: it just requires monitoring of the
deviation between the actual trajectory and the
intended trajectory.

F.(X;0) = Aexp(—a\x\k) :

where K is the weight.
Constant a is determined by the condition of
unit total probability:
1
kak

The r.m.s. position error ¢ or variance o’ , where:
k=1,

A=

(02)

It leads to:

o)

For statistically independent aircraft deviations at
position X:

R (XL, 01,0,) =R (X01) R (L=X55) .

Consider two aircraft flying at a constant lateral
separation L in parallel flight paths (Fig. 2). In this
collision scenario, the aircraft can at all times drift
into positions less than a minimum separation distance.
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Fig. 2. Lateral separation between aircraft

Flight 2

A coincidence will occur if position errors are x
(aircraft 1) and L-x (aircraft 2).

An integral over all positions along the line
joining the two aircraft:

Qc(L;oy,00) =

+00 +00
= J R (X;L,0q,05)dx = IFk(x;cl)Fk(L—x;cz)dx.
The collision probability has the dimensions of
inverse length. The ICAO TLS of 5x10° per hour
can be converted for a maximum airspeed
Vo = 625 kt to an ATLS.
The safety criterion is Q,=5x10"°. Upper

bound for V<625 kt, is Q <Q, = Q  which apply
V,

0
the ATLS 8x102 nm™.

Two aircraft with dissimilar r.m.s. position errors
follow the next probability distribution:

Qo =2 Q(Lioy,0,) =

= {2616 ﬁo exp {— xﬁ(; + 7‘ LG_ XJ:ldx.

The appearance of modulus in the argument of
the exponential requires that the range of
integration —oo}+o0, be split in three parts.

1. The flight paths between of the two aircraft at
0<x<L:

2616,Qy1 = JI:E‘XD I:— \/E[L+ (L~ X)ﬂdx =

O1 G2

=e><p(_xEJ.Texp{—x 2x(1—1ﬂdx
oy ) o, Oy

and involves an integration:

—\ELJX

G2

oG-l a2

2616,Qq1 = 9)@(
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and simplifies to:

Qu = [2\5(02 - Gl)yl x

)

2. The remaining contributions at a point x>L
outside the path of second aircraft:

K -L
26,6,Q;, = _fexp {— ﬁ{xﬁt X }}dx
L S G2

leads to an integral:

2016,Qy; =

. [\nﬁem {_ﬁx[ulj}dxz
G2 )1 61 O3

(i [ ofe]
which simplifies to:
Q2 = [2( (o1 +02)T exp [_xﬂ_)

3. The coincidence —oo<x<0 outside the flight
path of the first aircraft:

26,6,Q3=

“fonl 25 o

ol 2o {22

then

Q3= [2\5(02 + Gl)yl EXP(_ ;ELJ :

2

The sum of Q;,Q,,, Q3 Where:

Ql(L;G]_,GZ) = [2\/5(02 —cl)Tlx

ool 2 ee )

+[m<02+61>F[em(‘f}e*'°(_f LH

for distribution:

Qu(L;01,0,) = Qi +Qip + Qi3 <Qp =8x107% nm

The preceding safety-separation criteria are
applied to lateral separation in controlled airspace
with standard and reduced separation.

The standard deviation for VOR/DME is taken as
0.3 NM. The GNSS navigation is highly accurate in
the lateral path keeping.

Let compare the collision probability for lateral
separation in 5, 4, 3 nm in controlled airspace with
the ATLS probability of collision per nautical mile
in controlled airspace with c;,6, <0.3nm.

The r.m.s. position error of two aircraft where
0] =0, =0

1. The flight paths between two aircraft when
0<x<L:

L
Qu = (262 Tlg exp( — KEL ]dx =

- [&:2} exp{_ \fL ]

2. The remaining contributions at a point x> L
outside the path of second aircraft:
x/fx de _

_ 1 2L
Qu =(202T exp( V2 Jjexp(
\J2L
- |
3. The coincidence — oo <x <0 outside the flight
path of the first aircraft
\Ex]dx _
(e

Q= (202 Tl exp(_\fl'j .(i exp(—Z

—00

ﬁL]_

- (4\50)_1 exp( -

- (4x5cs)_l exp( —

The sum specifies:
N 2L _1( 1 j
Ql(L!G) _em( j(z ) x/z

safety criterion:

Ql(l—v G) = 611 + 612 + 613 < Qo = 8X10_12 nm_l.

Probability of collision for L<4 nm exceed the
ICAO TLS both dissimilar (Fig. 3, a) and equal
(Fig. 3, b) r.m.s. position errors.
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Fig. 3. Probability of collision aircraft with dissimilar (a) and equal (b) r.m.s. position errors

It is mean that navigation aids should provide
r.m.s. position error 6 <0.3 nm of flight path
deviations to reduction lateral separation.

4. Conclusions

Safety standards of ICAO require probability of
collision of the odder 5x10°° per hour. In the case of
aircraft flying in opposite directions in parallel
tracks, if the r.m.s. position error will be less than
one tenth of the minimum separation distance,
the probability of collision will be less then ICAO
TLS.

The standard deviation for VOR/DME won't
allow maintaining safety lateral separation when it
will be less 5 nm. The GNSS navigation is highly
accurate in the lateral path keeping. Thus,
implementation of more accurate navigation
procedures will allow to reduce separation minima
and increase capacity of airspace.
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Po3risHyTO KOHLENLIi yNpaBIiHHS MOBITPSHUM PyXOM, 30Cepe/XKeHl Ha reomerpii moBiTpsHux Tpac. IlokazaHo, mo
30UIBIIEHHS] TIPOITYCKHOI 37JaTHOCTI MOBITPSHOTO MPOCTOPY 33 PaXyHOK OULTBII TOYHOTO BUTPUMYBAHHS TPAaeKTOpii Ta
HaJlaHHS 3MEHIICHOI MOMMJIKM MICIENONIOKEeHHS, 3HU3UTh PIBEHb Oe3neKkH MojboTiB. [IpoaHani3oBaHO MMOBIPHICTB
3ITKHEHHS JIBOX MOBITPSHUX KOPaOJIiB Ha MapajielIbHUX MOBITPSHHUX Tpacax MPpHU CKOPOUSCHOMY OI1YHOMY elIeJIOHyBaHHI.
KatouoBi cioBa: Oesneka, OiuHe eIICNOHYBAaHHS, BIPOTIAHICTh 3ITKHEHHS, TOBITPSIHUH KopaOenb, HOMHIIKA
MICLIETTOJIOKEHHS.

B.II. Xapqemcol, O.H. Anexcees’, E.H. Tanua’. BeposiTHOCTH CTOJIKHOBEHHSI BO3AYLIHBIX CYI0B Ha

napajuieJbHbIX MAapIIPyTAaX
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PaccMoTpeHbl KOHIIENIMK YTIPaBIEHHS BO3AYLIHBIM JABH)KEHUEM, COCPEJOTOUEHHBIE HA TEOMETPUM BO3AYLIHBIX TPAacC.
[lokazaHo, YTO YBENIWYECHHE TPOITYCKHOH CHOCOOHOCTH BO3AYIIHOTO MPOCTPAHCTBA 3a cYeT Oojee TOYHOTO
BEIICP)KUBAHUS TPACKTOPUM W MPEIOCTABICHHM YMEHBIICHHOH OMIMOKA MECTOMOJOXKCHUS, CHHU3UT YPOBEHBb
6e3omacHOCTH TONEeTOB. [IpoaHamM3MpoBaHa BEPOATHOCTh CTOJIKHOBEHUS JBYX BO3IYITHBIX CYZOB Ha MapajuIelbHBIX
BO3IYIIHBIX Tpaccax MpH COKPAIIeHHOM OOKOBOM 3IICIOHNPOBAHHU.
KiroueBble cjioBa: 0€30MacHOCTh, OOKOBOEC OJINCIOHMPOBAHUE, BEPOATHOCTh CTOJKHOBCHHS, BO3AYIIHOE CYIHO,
OIHOKA MECTOTIONIOKEHUS.
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