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Abstract: Due to the ever-increasing air traffic flow, the influence of aircraft noise around the airport has become
significant. As most airlines are trying to decrease operation cost, stringent requirements for more simple and effi-
cient departure trajectory are on a rise. Therefore, a departure trajectory design was established for performance-
based navigation technology, and a multi-objective optimization model was developed, with constraints of safety
and noise influence, as well as optimization targets of efficiency and simplicity. An improved ant colony algorithm
was then proposed to solve the optimization problem. Finally, an experiment was conducted using the Lanzhou ter-
minal airspace operation data., and the results showed that the designed departure trajectory was feasible and effi-
cient in decreasing the aircraft noise influence.
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0 Introduction

With the ever-increasing air traffic flow, air-
craft noise problems around the airport have been
exacerbated, which increases the operation cost of
airlines. As a crucial part of flight procedure, a
reasonable departure trajectory is helpful in opti-
mizing the terminal airspace operation, which
leads to a safe, efficient, and orderly aircraft op-
eration. Currently, the flight procedure design
has been mainly based on ICAO DOCS8168M and
FAA TERPS™, which involve obtaining the ob-
stacle position and height information and setting
up the safety protection zone to ensure corre-
sponding clearance between the aircraft and the
ground obstacles. However, these methods can-
not meet the preceding requirements of safety,
efficiency, simplicity, and lower noise influence
of conventional performance-based navigation

(PBN) procedures. Hasegawa et al. described a

method to optimize the approach in terms of fuel
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efficiency and conducted optimization with con-
straints imposed upon flight procedure design by
using genetic algorithm™. Soler et al. studied
the 4D trajectory planning problem in a contrail
sensitive environment. In their study, the aircraft
from the initial fix to the final fix followed a hori-
zontal route of waypoints while step climbing and
descending in order to minimize the overall flying
cost of fuel consumption, passenger travel time,

and persistent contrail formation™.

The trajecto-
ry flight cost was calculated using a performance
database instead of classical equations of motion.
The trajectory to be calculated was composed of
climb, acceleration, cruise, descent, and deceler-
ation. The influence of the crossover altitude dur-
ing climb and descent, as well as step climbs in
cruise, was considered. Murrietamendoza et al.
performed lLagrange linear interpolations within
discrete values of performance database to calcu-
late the required valuest™. They focused on the

analysis of errors between a flight trajectory pre-
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diction model and flight data; and compared a no-
vel stochastic prediction flight model with the
popular fly-by and fly-over turn models. Vasileios
measured the propagated error using either spatial
coordinates or angles!”. Considering the real-
time data, Xing et al. developed a flight profile
based on the aircraft meteorological data relay and
then generated the flight trajectory’™. However,
flight procedures had not been directly investiga-
ted. When an evaluation index system of flight
procedure was preliminary constructed, a multi-
level fuzzy comprehensive evaluation model of
flight procedure was established. This model fo-
cused on the qualitative analysis of expert sco-
ring, which could be easily influenced by subjec-
tive factors, and lacked a reliable mathematical
basis'™ . Chen et al. proposed an evaluation index
system of PBN flight procedure design schemes
and developed a multi-attribute decision making
model based on relative superiority degree. In
their research, the optimal scheme was deter-
mined by finding the greatest relative superiority
degree of alternatives™™. In this method, noise
influences and operation cost were selected as op-
timization objects. The decision variables and op-
timized function differential equations were con-
structed through discrete optimization to obtain
the optimal track set of decision and state varia-
bles. Moreover, this method must accurately

00 It used an im-

predict the initial solution
proved annealing algorithm to design the depar-
ture procedure, and the results showed that the
multi-objects could not simultaneously achieve
optimization''. The preceding research suffers
some drawbacks: First, they mainly focused on
the optimization and adjustment of flight proce-
dure, without considering automatic optimal
flight procedure design; Second, because of the
single index of flight procedure design, safety,
efficiency, simplicity, and noise influences have
not been comprehensively considered in the proce-
dure design system, and the quantitative indica-
tors and procedure optimization design model
were incomplete.

Therefore, we established a flight procedure

optimization model with constraints of safety and

noise, as well as optimization targets of efficiency
and simplicity. An improved ant colony algorithm
was then designed to solve the optimization prob-
lem. Finally, by considering the Lanzhou termi-
nal airspace as the background, the departure
trajectory was designed, and the analysis verified
the feasibility and validity of the optimization

model and solution algorithm.

1 Requirements of Departure Traj-
ectory Design Modeling

Factors considered in the departure trajectory
design were terrain- and obstacle-related features.,
terminal airspace situation, effect of aircraft oper-
ation on city planning and construction, aircraft
category, flight performance, airborne electronic
equipment, airport facilities, equipment security
conditions, and navigation station layout. Desig-
ning departure trajectory should achieve a package
of targets, from basic ones like aircraft safely fly-
ing over obstacles, pilots controlling the aircraft
efficiently, and providing air traffic control serv-
ice, to advanced ones like improving the efficiency
of aircraft operation and the flight capacity of air-
port and terminal airspace, reducing the influence
of noise, and protecting environment.

Among those requirements, safety, efficien-
cy, simplicity, and noise limit are crucial. The
trajectory near the obstacle must meet the re-
quirements of corresponding avoidance. The noise
level of the area around the airport should meet
the acceptable limit, which implies that the im-
plementation effect of a noise sensor cannot ex-
ceed the corresponding limits. In addition, other
properties of aircraft flight constraints, namely
the turning angle, minimum distance, and climb
and descent gradients, should also be considered.
Here, we select efficiency and simplicity as the fi-

nal optimization targets.
2  Mathematical Model for Depar-

ture Trajectory Design

In this optimization framework, efficiency

and simplicity are the optimization targets. Noise
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influence, performance limits and safety of air-

craft are set as constraints.
2.1 Economy target
The base of the aircraft BADA model can be

used for performance analysis of the aircraft full-
flight phase, including the fuel flow rate of the
aircraft climbing, cruising. and descending sta-

121 For turbo-jet engines, the unit thrust fuel

ges
consumption can be presented as a function of the
aircraft’s airspeed during the climbing stage, and

expressed as follows

@)

D =C, (1 + TAS)

Cy,
where C, is the fuel consumption coefficient of
the first unit thrust; C,2 the fuel consumption co-
efficient of the second unit thrust; and TAS the
true airspeed of the aircraft (b).

The fuel consumption in unit time can be cal-
culated in combination with the aircraft thrust in
the flight profile climbing stage, that is, the

climbing stage fuel flow rate

TAS) 2

fdimb = Nelimb T= TC/l (

where T is the single engine thrust of the aircraft
in the climbing stage(kN).

In the level-off stage, the fuel flow rate of
the single engine can be expressed as follows

fo=79.TC, 3
where C; is the fuel flow factor in the level flight
condition, which is dimensionless; T the aircraft
unit engine thrust; and 7. the fuel coefficient in
the flying stage.

Cost index (CI) is the ratio of the flight time
cost to fuel cost for a given segment, models, and
so on, which comprehensively considers the flight
mileage weight relationship between the cost and
the time of flight to minimize the total operation
cost, generally determined by the airlines, ac-
cording to their own operating costs and flexible
economic policy. CI is defined as the ratio of the
time cost to fuel cost during the actual operation.
Thus, CI can be expressed as follows (100 1b/h)

Cy
100Ck
Cy =T« Flow « Pg (5

Cl= €Y

where Cr is the fuel cost and C; the time cost, T
the flight time, Flow the fuel flow rate, and Py
the fuel price.

The economic target of the departure trajec-
tory should more clearly reflect the fuel and time
costs of all aircraft operating conditions under
traffic flow. Assuming Cls set by the flight man-
agement computer of the same aircraft category
are the same, the categories are divided into n
classes, and the economic function of the depar-
ture trajectory is defined as

S

i=1

EC=P; - (1+100CL) « T, « Flow, (6)

where N;, T,, Flow;, and CI; are the operating
aircraft number, flight time, fuel flow rate, and
CI of category i, respectively.

A flight departure trajectory can be divided
into the climbing and level-off stages, assuming
that the climbing stage number is m,, level-off
stage number is m,, DIS; is the flight distance of
stage j, the corresponding TAS is TAS;, and fuel
flow rate is constant during climbing and level-off

stage; then Flow, can be further expressed as

m m,

< DIS, pIS, |,
Flow; = Z TAS Setimb 1 E TAS, Se

P
where N., fiim» and fi are the engine number,
single engine fuel flow rate during the climbing
stage, and single engine fuel flow rate during the

level-off stage of category i, respectively.
2.2 Simplicity target

There has been no specific method and stand-
ard to define the simplicity of a departure trajec-
tory; therefore, in this study, the dynamic densi-
ty parameter was introduced to characterize sim-
plicity, which represented the air traffic complex-
ity. Dynamic, aircraft density, and conflict fac-
tors were defined as crucial factors that represen-
ted the air traffic complexity'’®. The dynamic
factors can be concretely divided into aircraft
heading change factors, aircraft altitude change
factors, and aircraft speed change factors; density

factors represent whether the horizontal or verti-

cal interval between aircrafts meet the corre-
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sponding requirements; and conflict factors re-
present the prediction of potential conflicts be-
tween aircrafts in airspace. For the departure
trajectory, the main factor affecting the simplicity
is the dynamic density factor; the heading
change, altitude change, and speed change factors
are associated with the segment structure and
flight number. Assuming N (¢) is the number of
operating aircrafts per time point and A (z),
H(t), and S(z) are the number of aircraft alti-
tude changes, aircraft heading changes, and air-
craft speed changes, respectively, the simplicity
function of the departure trajectory is defined as
SC=N() « (W, A@ +W, . H@) +W. S5
€))
where W, is the weight of the altitude change fac-
tor, which implies that the altitude changes by
more than 750 ft; W. the weight of the heading
change factor, which implies that the heading
changes by more than 15°; and W, the weight of
the speed change factor, which implies that the
speed changes by more than 10 kt or Mach 0. 02.

2.3 Safety constraints

Departure trajectory safety constraints can be
based on the relevant provisions of a protection
zone of the ICAO DOC8168 or FAA TERPS;
while we considered the concept of the RNP in the
ICAO DOCS8168 as the safety standard.

A security area can be regarded as a region of
space in the spatial distribution; the aircraft flight
path constitutes the symmetric axis, and the re-
serve can be classified as primary and deputy dis-
tricts according to the vertical distance deviating
from the expected flight track. Moreover, a cru-
cial parameter of area is width. Once the widths
of the two anchor points on this segment are de-
termined through forward and backward predic-
tions, the width of the area on this segment can
be calculated using linear interpolation. Accord-
ing to the navigation program design specification
technical standards and the existing relevant oper-
ation practice, RNAV1, RNAV2, and RNPI1
standards can be used in the departure terminal

area; the half width RNP program area is deter-

mined as

1/2AW =2XTT + BV €D
where BV is the system buffer value, which is es-
timated using the maximum offset beyond an a-
larm limit in the worst case, XTT the radius of a
circle, representing a 95% confidence level toler-
ance, and the hypothetical radius is equal to the
type of RNP.

For the straight line segment with the RNP
standard, assuming that O; (2l » vl s hly) is the
obstacle point set and Sj, is the Euclidean distance
between the obstacle j and the track point £, the
track point set F, (2 » ¥iane s Aline ) should be sat-
isfied for the constraint equation as

Fe = hip+ MOC,  S%<C0. 0625 AW?
F e =>hip 4+ MOC, 0. 0625 AW? < S% <<
0. 25AW:? (10)
where AW, is the half width of the protection area
and MOC,; the obstacle clearance related to the
line segment.

The turning segment of the PBN procedure is
divided into fly-by and fly-over turning points,
which mainly consider the influence of wind on
aircraft turning. For the fly-by turning point, if
S; is the Euclidean distance between the obstacle
j and the turning center point, the track point set
Fi(aline s Vhane s M) should be satisfied the con-

straint equation as
) W 2
e = Ry +MOC,S, < (r + ﬁek) (1D

For the fly-over turning point, the track
point set F (2 s Yhane s Aline) should be satisfied

the constraint equation as
;‘;lanc>hf;,)s+M(’)c,sj,<(r+%<@,+3o°>)‘ (12)

where r is the turning radius, 6, the turning an-
gle, R the turning rate, and (x,,y,) the turning

center point determined using the turning radius.
2.4 Noise limit constraints

According to the airport aircraft noise stand-
ard, considering noise sensitivity at night under
the condition of traffic flow, a flight flying ten
times during the daytime can be considered equal
to one flight at night, this increases 10 dB of the

noise of the corresponding sound exposure level
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(SEL) value at night as well as weighted process-
ing. Thus the equivalent sound level A of day-
time, that is, day and night (L4, ), can be ob-
tained; day refers to the period from 6 : 00 to
22 2 00 and night from 22 : 00 to 6 * 00 the next

dayt*
L. :1Olg<86 400< 2 2100 1Ly T
1oi 2 10% e, N, ) ) = 10lg( 2 Z (N, +
i=1 =1 =i
ION”U )100'“‘“50 > — 49. 4 (13)

where LAEu is the SEL, N‘,U the day sorties, and
N,,” the night sorties when aircraft i is executing
program j during a flight.

For the departure trajectory design, the re-
stricted range of the space flight program envelo-
ping the surface must be determined to ensure
that the flight navigation path does not intersect
with the curved surface, that is, the designed
flight track should not enter the restricted area.
Therefore, when the plane and noise threshold
are determined, the envelope surface can be fur-
ther obtained as

Clx,y,2) =Lu(x,y,2,N)—SLL, =0

i=1,2,3 (14)

The calculation of the SEL in single aircraft
sorties is influenced by many factors including the
thrust and speed of aircraft, shortest distance
from the sensitive point to the track, and attenua-
tion of noise. Because of the spatial omnidirec-
tional attenuation characteristics of the aircraft
noise, lower height, and stronger ability of noise
energy absorption, the nearer the ground, the
lower the noise level appears in restricted range
for such a high limit standard; therefore, the for-
mation of the limited noise range is a closed space
curved surface body. Based on the physical prop-
erties of noise propagation, ideally despite consid-
ering uncertain factors such as ground noise at-
tenuation, the restricted area of the program
should be centered on the sensitive flight; the
noise limits and noise propagation attenuation de-
termine the radius of the formation of the space

hemispheroid, forming the envelope surface as

well as the spatial half spherical surface.

The boundary surface of the noise limited ar-
ea can be accurately represented with a circle by
using the least square method. Assuming that
N (i s Veoie s 2hoie) 15 the restricted area point
set determined by the boundary surface equation
near the noise sensitive points and each flight seg-
ment of the designed departure trajectory cannot
cross the restricted area, the track point set F,
cannot intersect with the restricted area point set
N, ; the corresponding constraint equation is
F.NN,=0
{ ONL (e » Yioise » Tnoise ) | (Thiee ) ? - (Vioiae )P <20

r=f(zti)} QL))

2.5 Flight performance constraints

The minimum segment distance must meet
the minimum stable distance between the way-
points; the minimum stable distance d,, is deter-
mined using the waypoint types, and the mini-
mum distance constraint equation is

L{fisfin) = de
Vfisfin € WP (16)
where WP is the waypoint set of the departure
trajectory. The turning angle represents the
heading change during the aircraft turning com-
bined with the procedure design and actual opera-
tion of the radar control. To ensure operation
safety in the terminal area, the highest change in
the aircraft heading should generally be greater
than 90° (continuous turning situation is not con-
sidered here) ; thus, the turning angle constraint
equation is
4_](‘/1 ’fk+1 ’f/e+2 > 90
YV fisfirsfire € Fi an

The climbing and descending gradients repre-
sent the ratio of the increasing or decreasing air-
craft height and the horizontal distance along the
departure trajectory. In the procedure design, the
gradient value in general should not be greater
than 10%; thus. the climbing and descending
gradient constraint equation is

| G(fosfr) [ 0.1
Y fesfinn € Fk (18)
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where Fy is the track point set.

3  Multi-objective Design of Depar-
ture Trajectory Based on PACA

Based on the basic ant colony algorithm opti-
mization and Pareto optimization theory, and by
considering the practical problems of the depar-
ture trajectory design model and using path plan-
ning optimization as a reference, Pareto ant colo-
ny algorithm(PACA) is proposed to solve the de-

parture trajectory optimal design problem! .

3.1 Space environment description

The method of abstracting the space environ-
ment of the departure trajectory design can be
summarized as follows. Primarily, the terminal
airspace is determined as the design space; this
region mainly comprises the arrival and the depar-
ture points, location of the navigation facility,
and location of the airport runway. Then, the
space coordinate system is established with the
runway center point as the origin. Moreover,
without considering the effect of magnetic devia-
tion, X axis indicates the east direction, Y the
north, and Z perpendicular to the ground, indi-
cates an upward direction. Finally, the space grid
points are divided by the equidistant partition
method. The three-dimensional space is separated
into a point set, and a'(i,j,%) is the serial num-
ber coordinate and a’ (x;,y;,2;) the position coor-
dinate, where 7, j, # are the partition numbers

along X, Y, and Z axes, respectively.
3.2 Visual search space

To reduce the complexity of path planning,
ants from the node can only reach next nodes sur-
rounding it and cannot cross the middle node,
which implies that the visual search space exists
at any point. L, ... is the maximum moving dis-
tance along X axis per time, L, ., the maximum
horizontal moving distance along Y axis per time,
and L. ... the maximum vertical moving distance
along Z axis per time. Therefore, in the horizon-
tal plane, assuming that the ant’s velocity direc-

tion is along X axis in current flight path point O

and considering the procedure turning angle re-
striction, the number of ant search nodes in the
next step is not greater than 5, that is, points A,
B, C, D, and E; similarly, in the vertical plane,
assuming that the ant’s velocity direction is along
Y axis in current flight path point O, the number
of ant search nodes in the next step is not greater
than 3, that is, points M, N, and T. Visual

search space of ant search is shown in Fig. 1.

Ve A |B 7 M
Cc N
o [9)
D T
E
(a) Horizontal profile (b) Vertical profile

Fig. 1 Visual search space of ant search

3.3 Pheromone updating

PACA can be categorized as one of the multi-
objective single population ant colony algorithm.
The number of pheromones is £ because the num-
ber of optimization targets is £ in the preceding
model. In this paper, k=1, 2 represents econom-
ic target and simplicity target, respectively.
Thus, 7" (i,j) represents the pheromone vector.
The target’s weight is distributed using the sto-
chastic method in the structure of the initial feasi-
ble solution phase and it must satisfy the follow-

ing equation
K

D=1 (19)

k=1

0<p<1

where p, is the weight of target k.

The pheromone is set at two arbitrary dis-
crete track points, which constitute the flight
path segment, and is updated after each ant has
passed by. Pheromone can update locally and
globaly. The pheromone is locally updated when
an ant has completed a flight path search; the lo-
cal updating equation is

() =0 —p) + 7)) (20)
where p, is the volatility coefficient of the phero-
mone vector and it must satisfy 0<Tp,<1.

When all ants have completed a search, the
path of the current Pareto optimal is screened;
only the value of the pheromone vector corre-

sponding to the optimal path is increased and the
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equation 1s

M
min( f})

where A7" (i, j) is the increment of the phero-

ATt (i, j) = 2D

mone vector, M a constant, and min ( f,) the
minimum value of the objective function when all
ants have completed a path search. The global
updating equation is
TG =0 —p) " Gaj) +p o AT )
22)
where p, is the update coefficient of the phero-

mone vector and it must satisfy 0<lp, <{1.
3.4 Search strategy

The ants select the next path by using the
pseudorandom-proportional rule according to the
information of a different path. Once the proba-
bility to select the path is determined, the rou-
lette method is used for the next flight path selec-
tion. Namely, a constant g, €[ 0,1] is set and a
random number g€ [0,1] is generated. If ¢<{q, »
the next path is selected according to Eq. (23);
otherwise Eq. (24) is used. Eqgs. (23), (24) are

rewritten as

P,(i,j) =
S a
Jarg jg}‘fﬁ{ [;Pnﬁ,(i,]‘)j 7
1 9<qo-j € L.(D
O q<qo+j & L,(D
(23)
P,Gi,j) =

K
[Zpk . rﬁl(i,j)]“w

k=1

K
>, ([Zm . rﬁ,(i,h)}awyﬁ)
k=1

heL, (D

q>qosj € L,
0 q>qosj & L, (D
(24)

where P,,(i,;) is the transition probability when

the ant m selects the next path j at point ¢; L,, (i)
the path set that the ant m can select at point 7,
which is determined by the visual search space
and unavailable track point; ¢%, (i,;) the phero-

mone vector when the ant m selects the next path

j at point i; 7, the visibility factor and can be cal-
culated as 7 = 1/d, ., where d, is the Euclidean
distance between the current and final nodes; and
a and B are the weight parameters of the cumula-
tive and heuristic information, which represent
the relative importance of the preceding informa-
tion in optimization. Flow chart of PACA is

shown in Fig. 2.

Discrete airspace
division
Build search point set

Calculate the target
value of each individual
The existence of search path
control obstacles
Delete
dominated
solution
Determine obstacle effecting areto nons
range dominated
Remove effecting obstacle solution
point determination

Save the current generation and
calculation the target value of
non dominated paths

Determine noise limited

range
Remove noise limited point

1

Start (Gen=0)
Create initial ants (K=0)

Update global pheromone

Calculate probability by pseudo
random proportional rule and choose
search path by roulette method

Gent++

>
K>NUM Y

Gen>N

Search N
again

Y

SI:;?}:%‘;‘:{I Output the non-dominated
pass set set of flight path
waypoints
End

K++ | Update local
pheromone

Fig. 2 Flow chart of PACA

4 Example Analysis

The terminal airspace of Lanzhou Zhong-
Chuan Airport was selected as the practical sce-
nario for optimal designing departure trajectory.

Fig. 3 shows the topographic map of Lanzhou air-
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port and city construction, as well as the obstacle
information and noise sensitive points in the di-
rection of ZGC-XIXAN. Considering factors such
as the navigation signal coverage and standard of
departure trajectory, in this example, ZGC001,
ZGC002, and ZGC003 were the waypoints that
must be crossed.

Space coordinate system was established as:
The direction perpendicular to runway 36 and off-
side of the aircraft take-off was the positive direc-
tion of X axis; the direction along runway 36 and
aircraft take-off was the positive direction of Y
axis, and the upward direction perpendicular to
the ground and was the positive direction of Z ax-
is. On the basis of the airport runway center
point elevation, the coordinate of each key point
was determined after coordinate transformation
and discretely simplified., as shown in Table 1.

Based on the range of the low approach con-
trol sector, the spatial range was 100 km X 100

km and the vertical range is from 0 to 2 700 m.

+26c001
¢ +z6c002
Ao Ao o, * 260003
Izac
e

<+ Waypoint @ Noise sensitive point
/\ Obstacle A Arrive-departure point

| Runway A XIXAN

Fig.3 Schematic of the terminal airspace environment

(ZGC-XIXAN)

Table 1 Information and coordinates of key points

Key point Coordinate Key point Coordinate
Runway center
. (0,0,0) Obstacle @ (30,10,0.6)
point
Waypoint
,30, 1. S 50,20,1.
7GC001 (30,30,1.8) [[Obstacle @ (50,20,1.5)
N int
Z&ygg;“ (80,20,1.8) [Obstacle @  (30,—10,0.9)
Waypoint . .
90,10,2.1 Nois 0,10,0
7GC003 ( ) oise point O (6 )
Departure point o 16 5 1) [Noise point @ (50,40,0)
XIXAN , ,2. oise poin 50,40,

Considering the turning radius and climbing and
descending rates, in this case, the levels of X and
Y directions were divided by 10 km and the level
of Z axis was divided by 300 m. The coordinate of
the starting point of the departure trajectory is
(0,0,0) and that of the ending point (9,4,7).
According to the obstacle coordinate information
in Fig. 3 and Table 1, obstacles @ and @ in Ta-
ble 1 became departure control obstacles because
of the departure segment based on the RNPI1
standard; thus, the width of the protection area
was 5 nm and corresponding minimum obstacle
clearance gradient is 0. 8%.

According to Fig. 3, the noise sensitive
points (D and @ in Table 1 are mainly affected by
the departure aircraft; based on the method of de-
termining the noise limit area boundary "*!, the
surface equation of the noise sensitive points in
the restricted area boundary is

(z—2 500)° _
(0. 817(z—2 500)+1 760)*

(25

Ignoring the effect of speed difference and on

1,2 y2
C:6 7OOZ+6 7002+

1

the basis of experience data, the B737 fuel flow
rate of the climbing, cruising, and descending
stages was approximately 6 ¢ 2 ¢ 1. The economic
target of the departure trajectory can be simplified
and represented as

EC=6Sum + 2Scu + Saes (26)
where Sgnp s Seus and Sy, are the segment dis-
tances when the aircraft is climbing, cruising,
and descending, respectively.

The Lanzhou approach sector’ s operation
simulation system developed in this study could
simulate the aircraft operation and control meas-
ures. By using the simulation data and regression
analysis method, the coefficients in the simplicity
target were determined"™. The equation of the
simplicity target is

SC=1.852A() +1.563H(z) + 1. 654S ()
@27
where A(¢), H(t), and S(#) represent the num-
ber of aircraft altitude changes, aircraft heading

changes, and aircraft speed changes, respective-
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ly.

PACA was used to solve the preceding depar-
ture trajectory problem in the XIXAN direction;
the calculation parameters were set as follows:
colony size K =20, initial path pheromone is 1,
constant ratio of the pseudorandom number ¢, =
0.5, volatility coefficient p,=0. 1, update coeffi-
cient p; =0. 1, constant M=1 000, cumulative in-
formation weight parameter «¢=0. 5, heuristic in-
formation weight parameter $=0.5, and calculat-
ing generation Gen = 100. The calculation and
analysis of the departure trajectory in the XIXAN
direction by using MATLAB are shown in
Figs. 4—6. The optimization results of the corre-

sponding trajectory are shown in Table 2.

Fig. 4 Schematic of the population distribution
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Fig. 5 Departure trajectory O
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Fig. 6 Departure trajectory

Table 2 Comparison of optimization results

Number EC SC
@) 53.6 23.9
® 50. 8 28.6

The aircraft along the departure trajectory in
the XIXAN direction must fly around the noise
limited area mainly because of the effect of the
noise sensitive points. Therefore, two types of
departure trajectories were generated using the

Table 2

shows the comparison of the optimization results,

method of Pareto optimal solution.

and the conclusions can be drawn as follows: The
simplicity of the departure trajectory (O is the
highest. From the intuitive point of view, the de-
parture trajectory (D has the least number of
heading changes, that is, the least number of air-
craft turnings. The efficiency of the departure
trajectory @ is the highest. From the intuitive
point of view, the departure trajectory @ has the
shortest fly distance around the noise limited re-
gions, that is, it takes the least time to avoid the
noise limited regions. Therefore, in the preceding
two types of departure trajectories, both efficien-
cy and simplicity targets have shown advantages
and disadvantages. Pilots and air traffic control-
lers can make collaborative decisions based on
practical situations and select the appropriate de-

parture trajectory.

5 Conclusions

We proposed a departure trajectory design
method based on PACA., which comprehensively
considered safety, efficiency, simplicity, and
noise influence. In this method, an optimization
model of departure trajectory was established;
safety and noise influence were set as constraints
and efficiency and simplicity as optimization tar-
gets. Then, PACA was designed to solve the op-
timization problem. The results showed that
PACA can solve optimization departure trajectory
problems and obtain several better diversity Pare-
to optimal solutions, without requiring prior
knowledge and dimensionless processing of the

target. Many groups of departure trajectories are
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conducive to pilots and controllers to collabora-
tively make decisions using the different indices

scientifically and rationally.
References .

[1] ICAO. ICAO-Doc. 8168-OPS/611 Procedures for air
navigation services-aircraft operations[ S|. Montreal,
Canada: [s.n. |, 2006.

[2] FAA. United States Standard for terminal instru-
ment procedures ( TERPS), Change 19[S]. Wash-
ington, USA: [s.n. ], 2002.

[3] HASEGAWA T, TSUCHIYA T, MORI R. Opti-
mization of approach trajectory considering the con-
straints imposed on flight procedure design[ C]//
2014 Asia-Pacific International Symposium on Aero-
space Technology Conference. Shanghai. APISAT,
2015 259-267.

[4] SOLER M, ZOU B, HANSEN M. Flight trajectory
design in the presence of contrails: Application of a
multiphase mixed-integer optimal control approach
[J]. Transportation Research Part C Emerging
Technologies, 2014,48.:172-194.

[5] MURRIETAMENDOZA A, BOTEZ R M. Method-
ology for vertical-navigation flight-trajectory cost cal-
culation using a performance database[ J]. Journal of
Aerospace Information Systems, 2015,12(8):519-
532.

[6] VASILEIOS M. Error analysis of stochastic flight
trajectory prediction models[ J]. Journal of Applied
Statistics, 2012,39(8):1-17.

[7] XING Jian, TANG Xinmin, HAN Songchen, et al.
Method for generating flight profile based on ATM-
DAR datalJ]. Journal of Nanjing University of Aero-
nautics & Astronautics, 2015,47(1):64-70. (in Chi-
nese)

[8] WU Lei. Research on evaluation and optimization of
instrument flight procedure [ D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2008.
(in Chinese)

[9] CHEN K. The optimum selection of instrument
flight procedure design scheme based on the relative

superiority degree[ J]. Advanced Materials Research,

2011,255/256/257/258/259/260:4070-4074.

[10] KHARDI S, ABDALLAH L, KONOVALOVA O,
et al. Optimal approach minimizing aircraft noise and
fuel consumption [J]. Acta Acustica United with
Acustica, 2010,96(1):68-75.

[11] WANG Chao, WANG Fei. Multi-objective intelligent
optimization of noise abatement departure trajectory
[J1. Journal of Southwest Jiao Tong University,
2013,48(1):147-153. (in Chinese)

[12] NUIC A. User manual for the base of aircraft data
revision 3. 8 [R]. Brétigny-sur-Orge, France: EU-
ROCONTROL Experiment Centre(EEC), 2010.

[13] CUMMINGS M L, TSONIS C. Deconstructing com-
plexity in air traffic control[J]. Human Factors &.
Ergonomics Society Annual Meeting Proceedings,
2005,49(1) :25-29.

[14] National Standard of the People’s Republic of China.
GB9660—2013, Exposure draft: Standard of aircraft
noise for environment around airport[ S]. Beijing,
China: [s.n. ], 2013. (in Chinese)

[15] SHAO ZJ, HE C, PEIJ H. Multi-objective optimi-
zation design of vented cylindrical airbag cushioning
system for unmanned aerial vehicle[J]. Transactions
of Nanjing University of Aeronautics and Astronau-
tics, 2016,33(2) :208-215.

[16] WU Chenfang. Research of air traffic management
based on dynamic capacity-flow coupling[ D]. Nan-
jing: Nanjing University of Aeronautics and Astro-

nautics, 2014. (in Chinese)

Dr. Sun Fanrong is currently a lecturer in Department of
Air Traffic, Nanjing University of Aeronautics and Astro-
nautics. His research interests are airspace planning and
artificial intelligence.

Prof. Han Songchen is currently a professor in School of
Aeronautics & Astronautics, Sichuan University. His re-
search interests are air traffic management and airspace
planning.

Mr. Qian Ge is currently an engineer in Department of Op-
eration Control, China Eastern Airlines Jiangsu Co. , Ltd.
His research interests are airline operation control and

flight procedure design.

(Executive Editor: Zhang Bei)



No. 4

Sun Fanrong, et al. Departure Trajectory Design Based on Pareto Ant---

461




