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Abstract

Aircraft conflict resolution is of great importance for the safe and efficient manage-
ment of air traffic. This study proposes a two-step optimization approach for the
aircraft conflict resolution problems within the pre-tactical time window in generic
free route airspace. Safe separation between aircraft pairs is maintained using either
altitude or heading angle change maneuvers in a pre-defined buffer zone within the
boundaries of the airspace. The first step of the model aims to minimize the total
number of conflicting aircraft and the total fuel consumption together using altitude
change maneuvers. A mixed-integer linear programming model is proposed for the
first step but, due to the high computational time, a metaheuristic algorithm (simu-
lated annealing) was developed. If the altitude change does not resolve all conflicts
in the first step, the proposed model implements heading angle change maneuvers
with minimum extra fuel burn in the second step. A nonlinear programming model
is presented for the second step. Numerical results show that the proposed approach
can resolve all conflicts in less than 4 min for the highest traffic flow rate.
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1 Introduction

Air transportation makes a significant contribution to international and domes-
tic economies in many ways, for example, by accelerating economic integration,
increasing international trade and mobility, providing tourism support, and by gen-
erating more employment opportunities globally. This industry has grown by more
than 60% in terms of annual air traffic volume over the last decade. For the next
20 years, global annual air traffic is expected to grow by an average of 4.3% (Scherer
2019). Airspace capacities, however, will be unable to meet this rapid demand in
many parts of the world unless air traffic controllers supplied with advanced deci-
sion support tools to cope with these air traffic rates. Recent developments enable us
to obtain more accurate information about aircraft positions and airspeeds. There-
fore, these new tools, along with enhanced air traffic data, allow the detection and
resolution of aircraft conflicts in a pre-tactical time window (i.e. up to 2 h prior to
the conflict). The purpose of aircraft conflict detection and resolution (CDR) is to
create conflict-free trajectories for each aircraft that shares the same airspace. Con-
flict avoidance can be ensured by applying some basic maneuvers that are heading
angle change (HAC), altitude change (AC) and airspeed change (SC). CDR becomes
a very critical issue especially for the novel concept of free route airspace (FRA),
which allows airlines to plan their routes freely between predefined entry and exit
points of the airspace. Although FRA provides efficient and economic use of an air-
space, it increases the number of potential conflict points (Antulov-Fantulin et al.
2018). Pre-tactical CDR can handle this traffic complexity efficiently within FRAs.
The problem of aircraft conflict detection and resolution (CDR) has been stud-
ied by a number of researchers. Extensive reviews have been presented regarding
various CDR approaches by Kuchar and Yang (2000) and Martin-Campo (2010).
The mixed-integer programming (MIP) techniques have been widely used in
CDR problems. Pallottino et al. (2002) proposed two different mixed-integer lin-
ear programming (MILP) models to resolve aircraft conflicts using either HAC or
SC maneuvers. Christodoulou and Costoulakis (2004) presented an MILP model
that uses both HAC and SC to resolve conflicts for small-scale problems. Vela
et al. (2009, 2010) proposed two different MILP models to minimize aircraft
fuel consumption using AC-SC and HAC-SC maneuvers, respectively. Rey et al.
(2012, 2015) also presented two different models based on SC to minimize the
total conflict duration time between aircraft. Alonso-Ayuso et al. (2011) adopted
the geometric transformations of Pallottino et al. (2002) for SC and AC methods.
Alonso-Ayuso et al. (2012) also introduced a mixed-integer nonlinear program-
ing (MINLP) model which uses SC maneuvers and takes the acceleration rates
of aircraft into account. The model aims to minimize acceleration rates of the
aircraft during conflict resolution. Later, Alonso-Ayuso et al. (2014) developed
an MINLP model using HAC to resolve conflicts and return aircraft to their origi-
nal flight paths. Cafieri and Durand (2014) proposed another MINLP model with
SC for aircraft conflict resolution. Omer (2015) presented a mixed-integer lin-
ear programming model which uses both SC and HAC together based on a space
discretization technique. Alonso-Ayuso et al. (2016a, b) proposed an MINLP
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multi-objective optimization model that uses a variable neighborhood search
(VNS) algorithm with HAC, SC and AC maneuvers. To present conflict-free
paths for aircraft, preemptive goal programming was implemented to the model.
To obtain fast calculations for conflict resolution, a sequential MILP model was
also presented. The objective function was to minimize the deviation cost from
the initial configurations. Alonso-Ayuso et al. (2016a, b) presented MILP model
that performs both horizontal and vertical maneuvers using the exact solver
MINO. The model implements these maneuvers in lexicographic order similar
to the previous work. The model can handle only ten aircraft because of the non-
convexity of the problem. Cafieri and Rey (2017) presented a mixed-integer non-
linear programming model that uses SC approach to maximize the largest con-
flict-free aircraft set. Hong et al. (2017) presented an MINLP model that aimed to
provide conflict-free flight operations by altering HAC and SC. The model uses
the particle swarm optimization (PSO) technique to resolve conflicts due to the
nonlinear constraints. Cecen and Cetek (2019) presented a two-step mathemati-
cal model that utilizes the Multi-Entry Point (MEP) approach and vector deflec-
tion maneuvers to avoid aircraft conflicts. The model, however, does not include
altitude changes. It basically aims to find the best entry point combination and
optimal fuel vector maneuvers for the conflicting aircraft. Due to the complexity
of the problem, genetic algorithm (GA) and tabu search (TS) were implemented
to obtain a feasible result. Vector maneuvers are applied to the aircraft prior to
the entrance into the airspace. Aircraft fuel consumption for a given airspeed dur-
ing the level flight depends on the distance travelled and the propulsive charac-
teristics of the aircraft. Turning maneuvers, on the other hand, lead to extra fuel
consumption not only because of the extended flight path but also of the increase
in the bank angle, which results in higher load factors. Cecen and Cetek (2020)
proposed a mixed-integer linear programming model that integrates the MEP
approach with airspeed change maneuver to provide conflict-free en route opera-
tions. Due to the complexity of the model, a heuristic algorithm was presented to
resolve aircraft conflict.

This study proposes a two-step optimization approach for the aircraft conflict
resolution problems within the pre-tactical time window in generic free route air-
space. Safe separation between aircraft pairs is maintained using either altitude or
heading angle change maneuvers in a pre-defined buffer zone within the boundaries
of the airspace. A space discretization technique is used to control the minimum
safe separation of aircraft at a limited number of potential conflict points, includ-
ing entry and exit fixes and route intersections, instead of searching the whole air-
space. Cecen and Cetek (2019) previously presented a two-step conflict resolution
approach in the horizontal plane for a single flight level using HAC only. The pro-
posed model, however, applies either an AC or a HAC maneuver to resolve conflict
at multiple flight levels. The first step of the model aims to minimize the total num-
ber of conflicting aircraft and the total fuel consumption together by using AC only.
AC maneuvers are convenient for ATCos because they allow conflicts to be resolved
with a single instruction and require much lower conflict resolution and conflict
monitoring time than HAC maneuvers. Therefore, their use can reduce monitor-
ing time of ATCos significantly and increase the airspace capacity. A mixed-integer
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linear programming model is proposed for the first step but due to the high com-
putational time, a metaheuristic algorithm (simulated annealing) was developed. If
the AC maneuver does not resolve all conflicts in the first step, the proposed model
implements HAC maneuver with minimum extra fuel burn in the second step. A
nonlinear programming model is presented for the second step. The model allows
climb/descent or HAC maneuvers in the buffer zone within the boundaries of the
airspace. Each aircraft can perform either a flight level change (i.e., a 2000 ft climb
or descent) or an HAC maneuver. The model also ensures safe vertical separation
between aircraft during AC maneuvers within the buffer zone.

The paper is organized as follows. In Sect. 2, we provide a general description
of the problem for aircraft conflict resolution and free route airspace. In Sect. 3, a
mixed-integer linear program based on AC is first proposed. Then, a mixed-integer
nonlinear program optimization model for HAC is presented. In Sect. 4, meta-heu-
ristic algorithm is explained in detail. In Sect. 5, the numerical results are presented
and some numerical issues are discussed. Conclusions and perspectives for future
work are discussed in Sect. 6.

2 Problem statement

Aircraft fly along their trajectories through one or more airspaces with defined
boundaries and air traffic service provisions. En-route airspaces have the largest
share of the entire air transportation network and these accommodate climb, cruise
and descend phases of flights. Area control centers (ACC) are in charge of monitor-
ing and controlling aircraft within the en-route airspaces to ensure safe separation
between aircraft and provide orderly and efficient air traffic flow. Airspace bounda-
ries can be defined by geographic coordinates of entry and exit fixes horizontally.
Flight levels divide the airspace into parallel horizontal planes separated by 1000
ft vertically up to 29,000 ft (i.e. FL290) above mean sea level (MSL) for nominal
operations or up to 41,000 ft (i.e. FL410) above MSL for designed airspaces with
reduced vertical separation minima (ICAO Doc 2007). Aircraft flying through the
airspace are assigned to a flight level depending on its heading with respect to mag-
netic north. Aircraft with a heading 0°-179° (eastbound) use odd-numbered flight
levels (e.g. FL290, FL310, FL330...) while aircraft with a heading180°-359°
(westbound) use even numbered flight levels (e.g. FL300, FL320, FL340...). There
are two common en-route airspace structures which are fixed-route and free route
airspaces. Fixed-route airspaces consist of a network of predefined waypoints and
routes which aircraft should follow. Free route airspaces, on the other hand, allow
aircraft to select direct routes between the pre-defined entry/exit fixes. Figure 1 pre-
sents generic free-route airspace with a set of entry fixes (EF) (i.e. ef}, ef,, ..., €f}),
exit fixes (XF) (i.e. xf}, xf5, ..., x)}), and flight levels (i.e. FL;, FL,, FL_,,).

Each aircraft should be separated from others by 1000 ft. vertically and 5
NM horizontally in en-route airspaces with ATC provisions (ICAO 2007).
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Airspace Boundary

Buffer Zone Boundary

(a) (b)

Fig.2 Conflict geometries: a crossing conflict and b trailing conflict

Vertical separation can be ensured via flight level change maneuvers (i.e., climb
or descent) within the airspace. In a similar way, horizontal separation can be
maintained via heading changes or airspeed adjustments. This study involves
flight level and heading change maneuvers. All resolution maneuvers are assumed
to be performed within a buffer zone inside the en-route airspace (Fig. 1). The
depth of the buffer zone (AL) is assumed as 20 NM and this value guarantees the
conflict resolution using either AC or HAC maneuvers. All aircraft are assumed
to maintain their flight level and airspeed during their flight within the airspace
after the resolution. When aircraft fly in the same flight level, two different types
of conflicts can occur depending on their route encounter geometries, namely
crossing and trailing conflicts (Fig. 2).

The crossing conflicts can arise in intersecting, diverging or merging routes while
the trailing conflicts take place in the same route. To avoid crossing conflicts, the
necessary time separation can be calculated between aircraft pairs depending on air-
speeds and the route crossing angle that is given by Carlier et al. (2003):

T,

NT, = ——=—
ViV, |sing, | '

)2 + (Vi,)2 —2V,V, cos (6;). (1)

@ Springer



634 R.K.Cecenetal.

In Eq. (1) D, is the minimum horizontal separation distance. V; and V, are
the airspeeds of the leading and trailing aircraft, respectively, and 8, is the route
crossing angle. To ensure safe separation, either aircraft should climb or descend to
another flight level and/or it should be delayed by NT;; using a vector maneuver. In
the case of trailing conflicts, no overtaking is allowed. Airspeeds V; and V; depend
on the aircraft performance category (APC) at the given flight level.

The required time separation of each possible conflict point is estimated and
put to the model using Eq. (1). The model controls any possible crossing conflict
between aircraft using different entry points but the same exit point
(treq,. ,. . Jwef.)’ aircraft using the same entry point but different exit points

nrnrn

(breq, ,
i1°%ip

aircraft using same entry and exit points (freq,[] ~’fz)'

. + » ), aircraft using different entry and exit points (sreq, , , ) and
tip,tipotiy i1 °%ip Y

In this study, aircraft were classified into two different performance categories,
narrow-body jet (NB) and wide-body jet (WB). Flight level changes were treated
as a steady linear climb or descent maneuvers of the aircraft. The fuel consump-
tion due to the flight level change depends on three parameters which are APC,
initial flight level and assigned flight level. These parameters were calculated
using the Base of Aircraft Data (BADA 2013). The following assumptions were
imposed on the model:

(1) All aircraft travel eastbound at FL290-FL330.
(2) Eastbound traffic is separated horizontally from westbound traffic at FL300 and
FL320 during altitude changes within the buffer zone.

Step 1 Step 2
Flight Level
Assignment Model (M1) Total Aircraft
conflict Vectoring Model (M2)
Mathematical fe_SOILIUON
Model time, w; !
(GAMS) Tota
Yany NLP N Maneuver
1 [V (GAMS/CONOPT) Fuel Burn
Xeia
SA
(MATLAB) Flight Level
Assignment
Vector
etah

Fig. 3 Flow chart of the entire mathematical model
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(3) All operations take place under standard atmospheric (ISA) conditions at the
given flight levels of the airspace.

(4) Wind speed and acceleration are zero.

(5) Weights of all aircraft remain constant during their flight along the airspace.

(6) Heading change maneuvers are performed at a constant bank angle.

3 Mathematical model

Figure 3 presents the general methodology of the proposed two-step solution approach.
To evaluate the proposed model, an initial conflict number was calculated. The estimated
time of arrivals (ETA), APC, EF and XF of each flight were generated randomly as inputs
for both cases. The proposed approach also obtains the total and individual number of
conflicts resolved by AC and SC maneuvers as well as new flight level assignments.

3.1 First step: altitude change maneuvers

A MILP model is presented to minimize the total number of conflicting aircraft and
the total aircraft fuel consumption for the first step. The main aim is to generate
a conflict-free trajectory for each aircraft using only altitude change maneuvers. It
is clear that our model is a multi-objective optimization model. To transform the
multi-objective optimization model into a single objective model, the linear scalari-
zation method was implemented. Since aircraft conflict resolution is more important
than optimizing fuel consumption, we selected two different coefficients y, and y, for
the objectives that are 0.96 and 0.04, respectively. Therefore, the model gives prior-
ity to provide safe separation and then searches for the optimal fuel AC maneuvers.
Sets:

I=1{1,...,a}setof aircraft in the sector i, i,,i, € [
K ={1,...,p}setof entry points k, k;, k, € K
V = {1, ...,} set of aircraft performance categories v,v,,v, € V

N = {1, ...,} set of crossing conflict points n € N
F={1,...,06}set of exit points f,f,f, € F
S=1{1,...,}setof flight levels s, s;, s, € S.
Parameters:

a: number of aircraft.

f: number of entry points.

u: number of aircraft performance categories.
o: number of crossing conflict points.

6: number of exit points.

A: number of flight levels.

M,, M,, M;: alarge enough positive number

Ml = (giz_gil)'z
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TDrfz iy TDril €i)
My=\\8+— o 2
L, 4
;0 r0;
My=(\s+5—)-\&a+7— )] 2
2 t.

where i; and i, are the first and the last aircrafts entering the airspace, respectively.
g;: planning airspace entry time of aircraft i.
t;: performance category of aircraft i.
r;: entry point of the sector of aircraft i.
e;: exit point of the sector of aircraft i.
bg;: initial flight level of each aircraft i.
h, : velocity of performance category ;.
d : distance between entry point r; and crossing conflict point o;.
Tb : distance between entry point r; and exit point e;.
freqtiI ' : separation time on trailing route conflicts between aircraft performance

category #; and 7; .
sreqt 1.0 separatlon time on crossing conflict point 0;, between aircraft perfor-

mance category t; and 1.

e, bty e, : separation time for exit point e; between aircraft pair using entry
point 7; and ri, w1th performance category #; and 7; .

brqull ot T T : separation time for entry point r; between aircraft pair using exit
pointe; and e; W1th performance category #; and; .

o;: conflict point of aircraft i.

€ :minimal non-zero value of w,.

FLCC, ,: cruise flight fuel consumption per nautical mile for aircraft performance
category t at flight level s.

FLCT, ,, : fuel consumption due to flight level change for aircraft performance
category t; from flight level bg; to s.

CTl: the time separation for an aircraft pair if they are assigned the same altitude
from different initial flight levels within the buffer zone.

CT2: the time separation for an aircraft pair with crossing flight paths in the verti-
cal plane during their AC maneuver within the buffer zone.

Decision variables:

g, actual entry time of the sector for aircraft i.

w;: delay induced by conflict resolution for aircraft i.

p;: fly over time of crossing conflict point for aircraft i.

¢;: fly over time of exit point for aircraft i.

va;: 0-1 variable that takes a value of 1 if w; greater than 0; otherwise, it is zero.

AC;: 0-1 variable that takes a value of 1 if any flight level change occurs; other-
wise, it is zero.

bl; ;: 0-1 variable that takes a value of 1 if aircraft i, enters and exits the sector
before aircraft i;; otherwise, it is zero.
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b2; ;: 0-1 variable that takes a value of 1 if aircraft i, exits the sector before air-
craft i|; otherwise, it is zero.

b3; ;: 0-1 variable that takes a value of 1 if aircraft i, enters the sector before
aircraft i}; otherwise, it is zero.

b4; ;: 0-1 variable that takes a value of 1 if aircraft i, flies over crossing conflict
point before aircraft i;; otherwise, it is zero.

X; ;- 0—1 variable that takes a value of 1 if aircraft i is assigned to flight level s;
otherwise, it is zero.

sp;» sn; the number of increases or decreases of flight level from the initial flight level
for aircraft i.

The objective function and constraints used in the first step are as follows.

min y; Z va; + v, Z Z x;(FLCC, ;- TD, , + (FLCT, ;. ()). )
icl icl seS
Subject to
.Xi’s = 1 Vl (S 1 3
; 3)
g =g +w; Viel 4)
pi=q+—= Viel 5)
hz,.
D, .
c;=q;+ : viel 6)

g, —4q;, 2 freqtil,tiz - (2 — X s _xiz,s)Ml - (blil,iz)Ml

. o @)
Vi i, €1,s €S|iy # iy, =€, ,1; =T,
q;, —4q;, 2 freqtiz,l‘[] - (2 —Xis _xiz,s>M1 - (1= bli,,iz)Ml ®
Vil,iz (S I,s (S Slll # iz,eil = eiz’ril = riz
Cp, —Ci 2 freq,il 4y T (2 - X5~ xizys)M2 — (blil,iz)M2 o
Viji, €l,s €S|iy # iy, =¢;,1; =1
¢, — ¢, > freq, , — (2=x; =%, )My = (1=b1, ; )M, o)

Viji, €1,s €Sliy # iy, ¢, =€, ,1; =T,

7 3
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M, — (b2,,)M,

R

q _% >breqe iyl Lin T —(2—)0 — X

iy iy Ty e 0,8

Vi, i, €l,s €S|iy # iy, ¢, #Fe€;,1; =T,

b

q _ql >breqe iy oliy iy Ty (Z_Xis_xizs)Ml ( bzzllz)

AN

Vll,12€ISES|ll#lz,€l|5ﬁ€ =,

L’ ’l 13

Ciy = Ciy Z Uy, o 1ty (2- X5~ xiz,s)MZ - (b3il,i2)M2
Viji, €1,s €Sliy # iy, ¢, =€ ,1; #7

Cl-]

- ¢, 2 treqri ool e (2 — Xis _xizs)MZ ( b3lllz)
Viji, €1,s €S|iy # iy, =€, ,1; 7

pPi, — Pi, >Sreqz‘ 40, (2_xi s Xiy, ) (b41112)

771

Vi, i, €1,s €S|iy # iy, e, # e ,1; 1,0, =0

b

pi _p[ 2 Sreqt- oty 04 - (2_xi s_xi s)MS _( b4z] 12)
VIl’ZZ eI seslll #lQ,sell 7éel2’ i #r' ,0; = 0;

L 1 )

le-,s -S—sp;+sn;=bg;, Vi€l

=
sp;+sn; <1 Viel
sp; +sn;, =AC; Viel
va,M1 >w; Viel
e-va; <w; Viel
AC,+va; <1 Vi

giz_gil ZCTI_(Z_xi ,S)M]_(bs' )Ml

- X
i1,y

155 i

Viji, €1,s € S|i1 #iy.r, =r1,.bg; #bg,
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&, — 8,2 CT1 - (2_xil,s _xiz,s)Ml - (1 - b5; ; )Ml

Ly,ly

Viji, €l,s € S|i1 #iyr, =r,.bg; # bg; 24
8i, — &, = CT2 — (4 —Sp;, —Sn;, —X; o — xi2A82>M1 - (b6il.i2)Ml

Vijiy €1,5,,5, € S|i1 # i1y =7,.bg; #bgi .5 # 5, (25)

8, — 8,2 CT2 - (4 = Sp;, —SIy, — X 5 _xiz,sz)Ml - (1 - béil,iZ)Ml
Vijiy €1,5,.5, € S’il # iy, 1y =1, by # bgin. sy # 5 (26)
>0 Viel @7)
w,>0 Viel (28)
p;>0 Viel (29)
>0 Viel (30)
sp;,sn; >0 Viel (31)
bl ;b2 b3, ;b4 bS; . b6, va AC, € (0.1} Vi€l (3

x;,, €{0,1} VielseS. (33)

Objective function (2) is to minimize the total conflicting aircraft number and
fuel consumption together. Constraint set (3) ensures every aircraft is assigned to
one flight level. Constraint sets (4—6) calculate the aircraft fly overtimes at the entry
fix, crossing conflict point and exit fix of the airspace, respectively. Airspeed values
are assumed constant for each APC for the selected flight levels, therefore, these fly

—  \édtored flight path
= = = Nonvectored flight path

Fig.4 Vector maneuver representation
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overtimes are altitude independent. In addition, constraint set (4) calculates the con-
flict resolution time for each aircraft. Constraint sets (7-9) and (10) maintain the sep-
aration time between aircraft pairs on trailing route configurations at the same flight
level. Constraint sets (11, 12) maintain the separation time between aircraft pairs at
the entry fix if the aircraft pairs use the same entry fix and different exit fixes at the
same flight level. Constraint sets (13) and (14) maintain the separation time between
aircraft pairs at the exit fix if the aircraft pairs use different entry fixes and the same
exit fix at the same flight level. Constraint sets (15, 16) maintain the separation time
between aircraft pairs at the path crossing point if the aircraft pairs use different
entry and exit fixes at the same flight level. Constraint set (17) calculates the altitude
difference between the initial flight level and new flight level for each aircraft. Con-
straint set (18) does not allow any aircraft to climb and descend at the same time.
Constraint set (19) calculates whether any flight level change occurs or not for each
aircraft. Constraint sets (20, 21) are relationship constraints between decision vari-
ables w; and va;. Constraint set (22) ensures that each aircraft can perform either the
altitude change or vector maneuver. Constraint sets (23-26) prevent any conflicts
within the buffer zone due to AC changes. While the constraints (23, 24) control
the time separation between aircraft assigned to the same flight level from differ-
ent initial altitudes, constraints (25, 26) control the time separation between aircraft
assigned different flight level from the different initial altitudes. Therefore, we avoid
any violation in vertical and horizontal separation minima within the buffer zone.
Constraint (27-33) are sign constraints.

3.2 Second step: vector maneuver model

Flight level assignment is capable of resolving many potential conflicts without
requiring any extra resolution maneuvers. In case of the calculated conflict resolu-
tion time (w;) being greater than zero, the vector (HAC) maneuvers are applied to
the aircraft instead of the AC maneuver within the buffer zone. Certainly, there are
an infinite number of vector deflection maneuvers which can resolve the conflict. In
this step, the model searches vector deflection resolutions with minimal fuel con-
sumption per aircraft under the given constraints described in Sect. 2. In Fig. 4, the
vector maneuver consists of steady coordinated turns with a constant bank angle and
steady straight flights with zero bank angle in the horizontal plane (Cecen and Cetek
2019). Besides, the deflection angle y; and maneuver distance, /; are used as decision
variables. Other variables, such as the turning radius (tr;), distance traveled along the
arc (a;), projected arc distance on the undeflected route (b;) and deflected straight
route (I;), are calculated based on these decision variables which are limited in the
model with upper and lower values due to operational constraints.

The second step is as follows:

Sets:

I set of aircrafti € I.

Parameters:

tr;: turn radius of aircraft i.

dx;: extra distance due to conflict resolution time i.
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Yio: fuel consumption value with no bank angle for aircraft i.

¥;.1: fuel consumption value with 25° bank angle for aircraft i.

Decision variables:

y;: deflection angle of aircraft i.

[;: maneuver distance of aircraft i.

a;: arc distance travelled by aircraft i during turning maneuver.

b;: total distance travelled by aircraft i projected on the undeflected route during
turning maneuver.

ld;: distance travelled by aircraft i along the deflected route with no bank.

Objective:

min Zym “4a; + yio - 2d; = yig - 1. (34)
Subject to

a;=tryy; Viel (35)

=0 e

i= T N l
2 - cos (y;) (36)
b; = tr; - sin (wi) Viel 37)
4a;+2ld; —I; —dx; =0 Viel (38)
4b; <, Viel (39)
0<y,<Z viel

Svis5 (40)
<20 Viel 1)
v, l,a;,b,,ld; >0Vi Viel (42)

The objective function (34) is to minimize the total extra fuel consumption due
to vector maneuvers. Constraint sets (35-37) calculate the distance traveled along
the arc (a;), deflected straight route (/) and projected arc distance (b;) on the unde-
flected route, respectively. Constraint set (38) guarantees that the distance traveled
during the vector deflection maneuver satisfies the required airborne delay. Con-
straint set (39) ensures that the sum of arc distances projected on the undeflected
route cannot be longer than the vector maneuver distance. While Constraint sets (40,
41) limit the upper and lower bounds of the deflection angle and maneuver distance.
Constraint set (42) is the sign constraint set.
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Aircraft Number 1 2 3 4 5 6 7 8 9

Current Solution 1 2 1 3 3 2 1 2 3

Neighborhood 1 1 1 3 3 2 1 2 3
Solution

Fig.5 Examples of generating a neighborhood solution in SA

4 Simulated annealing

The presented model consists of a flight level assignment and vector deflection
model. The first step of the problem is implemented into complex airspace configu-
rations and, therefore, it is difficult to get an optimal solution in a reasonable time
period. Thus, the SA algorithm is applied to solve the first step of the problem. In
the second step, the vector deflection model is proposed to provide a necessary air-
borne delay for aircraft to avoid conflicts. SA is a probabilistic metaheuristic that
uses a local search algorithm for complex problems. It starts by searching the solu-
tion space with an initial solution. It generates a neighborhood solution S’ from the
current solution S. If S’ shows a better performance than S, S’ is chosen as the cur-
rent solution. On the other hand, if S demonstrates worse performance than the cur-
rent solution, the current solution is determined by using the probability:

poe M (43)

A real random number is generated for the selection and if the probability is
higher than this random value, S’ becomes the new current solution. In Eq. (43),
A is the difference between the fitness function values of S’ and S such that
A=f(S)—-f (S’ ), and T is the temperature. Each iteration temperature is calculated
using the following formula:

Tiyy = PT;. 44)
Table 1 The parameters of SA SA parameter Value

Initial temperature 500

Final temperature 0.001

Cooling rate 0.99

Number of iteration 5000

Stopping criteria 500 iterations without an improvement
in the best solution or a maximum of
300 s
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Table2 Scenario results using GAMS/CPLEX and SA for 45 aircraft per hour

Scenario Traffic flow rate: 45 aircraft/h

GAMS/CPLEX SA

ICN z  HAC AC Fuel CPU Z,, Z,, HAC,, AC,, Fuel, CPU,,
1 4 11 0 4 1098 2706 110 143 0 4 109.8 396
2 4 107 0 4 1072 269.1 107 1.07 0 4 1073 48
3 4 095 0 4 951 2653 095 096 0 4 954 4.1
4 4 202 1 31019 2607 2.02 202 1 3 1019 306
5 7 111 0 7 1108 2517 111 112 0 7 1115 59
6 1 105 0 1 1049 290.1 105 139 0 0 1052 40
7 4 102 0 4 1024 2804 1.02 1.02 0 4 1025 4.1
8 6 106 0 6 1062 2719 206 2.06 1 5 1064 292
9 5 109 0 5 1088 2664 109 1.09 0 5 1093 54
10 4 114 0 4 1137 2897 114 115 0 4 1142 47
Average 43 116 01 42 1061 2715 126 13 0.2 39 1063 13.2

Bold values given in columns 3 and 8 show the global optimum solutions

Table 3 Scenario results using GAMS/CPLEX and SA for 60 aircraft per hour

Scenario Traffic flow rate: 60 aircraft/h

GAMS/CPLEX SA

ICN z HAC AC Fuel CPU Z,, Z., HAC,, AC,, Fuel, CPU

avg avg

1 9 135 0 9 1349 326 135 135 0 9 1349 573
2 5 147 0 5 147.3 4775 147 147 0 5 147.7 4.7
3 4 143 0 4 142.8 4316 243 243 1 3 143.0 716
4 3 1.29 0 3 129.2 4345 129 130 0 3 129.6 9.1
5 5 1.36 0 5 1363 4241 136 137 O 5 136.9 4.0
6 13 234 1 12 1339 6462 234 235 1 12 1348 179
7 8 245 1 7 1449 5074 345 345 2 6 1449 55.1
8 2 142 0 2 1422 4934 142 143 0 2 142.6 5.0
9 6 154 0 6 1543 497.1 154 156 0 6 1555 127
10 7 14 0 7 140.2 486.1 140 140 O 7 141.0 45
Average 6.2 1.6 02 6 140.6 4724 1805 181 04 5.8 1411 24.19

Bold values given in columns 3 and 8 show the global optimum solutions

In Eq. (44), p is the cooling schedule rate and i is the iteration number. The tem-
perature decreases gradually, therefore it allows the worse solution to be selected in
the early iterations. When the temperature approaches zero, the probability of select-
ing the worse solution decreases significantly. Figure 5 demonstrates the neighbor-
hood generation process. Flight level 1, 2 and 3 indicate the 29,000, 31,000 and
33,000 feet, respectively.
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Table 4 Scenario results using GAMS/CPLEX and SA for 75 aircraft per hour

Scenario Traffic flow rate: 75 aircraft/h

GAMS/CPLEX SA

ICN z  HAC AC Fuel CPU Z, Z, HAC,, AC,, Fuel, CPU

'min min avg

1 13 2.80 1 12 180.3 1355 2.80 3.80 1 10 179.7  121.7
2 278 1 178.4 761.1 2.78 2.78 1 179.6 20.0
3 175 0 8 175.5 760.7 175 175 O 176.3 7.7
4 16 378 2 14 178.2 1360 3.78 3.78 2 14 179.3 25.6
5 6 157 0 156.8 7583 1.57 224 0 5 156.8 47.7
6 6 1.8 0 1799 7832 18 18 0 181.0 8.8
7 8 1.78 0 177.8 7812 278 278 1 7 178.2 71.7
8 11 178 0 11 178.0 777.6 178 1.78 0 11 178.8 31.6
9 11 286 1 10 185.7 825 3.86 3.86 2 185.9 80.0
10 8 374 2 6 173.5 9402 3.74 3.74 2 174.6 26.3
Average 9.4 246 0.7 8.7 176.4 910.2 2.66 2.83 0.9 8.2 177.1 44.7
Bold values given in columns 3 and 8 show the global optimum solutions
Table5 Scenario results using GAMS/CPLEX and SA for 90 aircraft per hour
Scenario Traffic flow rate: 90 aircraft/h

GAMS/CPLEX SA

ICN z HAC AC  Fuel CPU Z,, Z,, HAC,, AC,, Fuel,, CPU,,
1 14 414 2 12 213.7 1463 4.14 448 2 11 214.1 724
2 11 316 1 10 2162 1672 3.16 3.84 1 9 216.5 93.3
3 23 582 4 19 181.7 1661 6.82 882 5 14 181.5 2252
4 12 308 1 11 208.1 1179 4.09 542 2 7 208.2  141.1
5 15 497 3 12 197.3 1661 598 631 4 10 197.6 1133
6 10 436 2 8 235.8 1839 536 536 3 7 236.0 1039
7 15 315 1 14 214.6 1511 3.15 3.16 1 14 2154 36.4
8 19 412 2 17 212.1 1843 4.12 479 2 16 2124 109.8
9 12 419 2 10 219.2 1588 4.19 454 2 9 219.4 57.2
10 15 424 2 13 2244 1839 424 424 2 13 225.5 72.1
Average 14.6 4.123 2 12.6 2123 1626 4.62 520 2.50 1090 212.6 1024

Bold values given in columns 3 and 8 show the global optimum solutions

In Fig. 5, aircraft 2 is selected to create a neighborhood solution. The initial
flight level of aircraft 2 is 2. The algorithm can assign aircraft 2 to either flight
level 1 or flight level 3 because our model allows a single AC maneuver in the
airspace. To create a feasible neighborhood solution, our model uses the initial
flight level information to avoid an infeasible solution. Furthermore, if any air-
craft’s initial flight level is 3, the algorithm can assign this aircraft to either flight
level 2 or 3.
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Table 6 Fuel consumption

S i Total fuel tion (k
(ke) caused by vector (HAC) cenario otal fuel consumption (kg)

maneuvers 45 Aircraft 60 Aircraft 75 Aircraft 90 Aircraft

1 0 0 106.5 131.2
2 0 0 59.9 62.2

3 0 53.5 0 5352
4 72.7 0 79.3 221.9
5 0 0 206.2
6 434 0 323.4
7 0 205.2 58.4 28.3

8 49.5 0 0 86.7

9 0 0 169.2 144.5
10 0 0 308.4 252.4
Total 122.3 302.1 781.7 1992

5 Computational results

The flight level assignment model was formulated using MILP and ran in GAMS/
CPLEX solver for a set of four different air traffic flow rates (i.e. 45, 60, 75 and
90 aircraft per hour). For each air traffic flow rate, ten test-scenarios were gen-
erated randomly including ETA, FL, APC, EF and XF. ETAs were generated
using exponential distribution while uniform distribution was applied to the other
input parameters. Besides, € value, the minimal w;, was selected as 0.0001 in this
study. All scenarios were implemented for a 180 nm? en-route airspace consist-
ing of three flight levels (i.e. FL290, FL310 and FL330) with four entry and exit
fixes (Fig. 1). Although the solver obtained global optimal results for all traffic
rates, CPU times were very high. Therefore, the SA metaheuristic was applied to
the flight level assignment problem in the first step. The parameters used in the
metaheuristics presented in Table 1 were determined experimentally. A computer
with 2.3 GHz Intel Core i7 processor and 16 GB RAM was used in all computa-
tions. MATLAB program was used for the metaheuristic algorithm.

5.1 Step 1: Flight level assignment model

The initial total conflict number (ICN) (count), the value of the objective func-
tion (z), the number of conflicts resolved by HAC maneuver (count), AC maneu-
ver (count), total fuel consumption (fuel) (tons) and CPU time (s) found by GAMS/
CPLEX is given in the Tables 2, 3, 4 and 5. Also, SA was run three times for all test
problems and the minimum and average values of z, HAC, AC, fuel, and CPU times
are presented in Tables 2, 3, 4 and 5.

SA was able to find an optimal objective function in 9, 8, 8 and 6 scenarios for
traffic flow rates of 45, 60, 75 and 90 aircraft, respectively. The average number
of HAC increases when the traffic flow rates rise. The increased rates of HAC are
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100%, 125% and 177.8% from 45 to 60 aircraft, from 60 to 75 aircraft and from 75
to 90 aircraft, respectively. Similarly, the increased rates of AC are 52.6%, 41.3%
and 32.9% from 45 to 60 aircraft, from 60 to 75 aircraft and from 75 to 90 aircraft.
These results demonstrate that the algorithm uses more altitude changes in lower-
traffic flow rates. The proposed model can obtain near-optimal results in less than
4 min for all traffic flow rates. If the number of aircraft decreases, the CPU times
also decline sharply. Furthermore, the proposed algorithm can find also very close
results in terms of fuel consumption values. This situation shows that our algorithm
can provide effective solutions in a short time.

5.2 Step 2: Extra fuel consumption due to vector maneuvers

Extra fuel consumption due to vector deflections was found by GAMS/CONOPT
solver in the second step. The nonlinear fuel model uses the individual airborne con-
flict resolution time found by SA as input and searches for vector maneuvers which
generate minimal extra fuel consumption for each aircraft. Table 6 presents the total
extra fuel consumption based on airborne delays found by SA that are 122.3, 302.1,
781.7 and 1992 kg of fuel for 45, 60, 75 and 90 aircraft per hour, respectively.

6 Conclusion

The proposed two-step approach first performs a conflict resolution with a minimum
total number of conflicts via flight level assignment using an SA algorithm and vec-
tor maneuvers in a free route airspace. The feasible results in all steps were calcu-
lated in a reasonable time for complex route structures. SA was able to obtain a lot
of global optimal solutions provided by GAMS/CPLEX solver for 45, 60, 75 and 90
aircraft per hour. Furthermore, the proposed model provided a significant decrease
in the total number of conflicts with respect to the total initial conflict number. The
vector maneuver model also proposed optimal fuel avoidance trajectories for con-
flicting aircraft. The proposed approach provides a basis for a decision support sys-
tem that can be used to regulate air traffic flow and ensure conflict-free trajectories
in free route airspaces. In future studies, the performance of this approach can be
tested and evaluated using real-time simulations for existing en-route airspaces.
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