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Abstract

A novel real-time autonomous Interval Management System (IMS) is proposed to automate interval management,
which considers the effect of wind uncertainty using the Dynamic Fuzzy Velocity Decision (DFVD) algorithm. The
membership function can be generated dynamically based on the True Air Speed (TAS) limitation changes in real
time and the interval criterion of the adjacent aircraft, and combined with human cognition to formulate fuzzy rules
for speed adjusting decision-making. Three groups of experiments were conducted during the en-route descent stage
to validate the proposed IMS and DFVD performances, and to analyze the impact factors of the algorithm. The
verification experimental results show that compared with actual flight status data under controllers’ command, the
IMS reduces the descent time by approaching 30% with favorable wind uncertainty suppression performance.
Sensitivity analysis shows that the ability improvement of DFVD is mainly affected by the boundary value of the
membership function. Additionally, the dynamic generation of the velocity membership function has greater
advantages than the static method in terms of safety and stability. Through the analysis of influencing factors, we
found that the interval criterion and aircraft category have no significant effect on the capability of IMS. In a higher
initial altitude scenario, the initial interval should be appropriately increased to enhance safety and efficiency during
the descent process. This prototype system could evolve into a real-time Flight-deck Interval Management (FIM)
tool in the future.
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1. Introduction

The prediction disclosed by International Air Transportation Association shows that air passenger numbers rose
from 3.326 billion to 4.54 billion between 2014 and 2019.! While the COVID-19 pandemic has had an impact on air
travel, it is predicted that air traffic will recover by 2024.2 There will be a predictable and substantial increase in
passengers and air traffic volumes in the future.?> The growing demand requires synchronous improvements in
infrastructure, airspace structure, operation strategy, and more.

From an Air Traffic Management (ATM) perspective, tactical decisions made by air traffic controllers have barely
changed in en-route operations over the past 50 years.* Controllers are likely to be affected by abilities and habits
when commanding aircraft. And they also experience a “critical” or even “overloaded” working state for long periods
with the dense traffic flow in busy airspace.’ Therefore, ATM needs to be reformed to support future Trajectory
Based Operations (TBO).

Aircraft automatic Interval Management (IM) is a significant strategy to support TBO. The National Aeronautics
and Space Administration (NASA) believes that future air traffic systems will be replaced by a distributed
collaborative ATM system and proposes the concept of an aircraft autonomous IM.® EUROCONTROL regards
airborne interval management as an essential operational change to trigger structural alterations for European ATM.”
The Civil Aviation Administration of China (CAAC) proposes a multi-mode interval management operation. The
conflict detection and interval assurance tasks originally undertaken by Air Traffic Controllers (ATC) will be
partially or fully delegated to the airborne equipment under the conditions of airspace, traffic flow, and proper
air-ground coordination.® Through IM, air traffic efficiency and runway throughput can be improved,® fuel
consumption for arriving traffic can be reduced in continuous descent operation mode,'? the safe sequencing of
aircraft on different routes when passing through intersections can be realized,!' the predictability of aircraft
trajectory can be increased,? etc.

Fortunately, the development of technologies such as Automatic Dependent Surveillance-Broadcast (ADS-B)
in/out and satellite positioning have made it possible for the Flight Management System (FMS) to undertake some of
the ATM work."? In addition, the advancement of airborne meteorological equipment enables providing accurate
meteorological data for aircraft.'# This progress makes it possible for the FMS to implement automatic IM based on
the current operating environment. However, there are still many uncertainties during flight, among which the
position deviation caused by uncertain wind is a significant component.!?

The essence of autonomous IM is to achieve airborne Flight-deck Interval Management (FIM) by adjusting the
flight speed and path.'®!7 By modifying the existing NASA spacing algorithm, Swieringa et al.'® improved the
performance of the following aircraft under delay. Waypoint selection methods can also realize autonomous IM by
adjusting the horizontal trajectory.!®2° However, studies have shown that adjustment based on flight speed is a better
solution.?! Tang and Zheng?? proposed a hybrid IM strategy by integrating the following theory with the speed
adjustment strategy based on the rolling time domain, which improved the maneuvering efficiency under IM. Hubbs
and Shay?® improved the performance of the IM avionics prototype based on aircraft performance, which reduced the
workload of pilots. The Brittain team conducted a series of research on route safety IM based on the reinforcement
learning algorithm. Research on route and speed decision-making for controllers for a pair of aircraft is discussed in
Refs. 24, 25. Subsequent research treated aircraft as agents and realized the autonomous decision-making of multiple
aircraft during the route operation phase.?® Control algorithms can also address IM problems. Based on the Markov
decision method, Gaydos implemented IM by solving the control rate.?’” Weitz and Swieringa®® compared the
characteristics of two-speed control laws that implement IM functions. But these do not consider the performance
differences of different aircraft and do not address terminal operation.
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As a significant area for aircraft distribution, the terminal area has the characteristics of dense traffic flow and
numerous conflict points?®, which increases the workload of controllers. Therefore, the trade-off between safety and
efficiency becomes more pronounced in terminal areas. Brittain and Wei*® suggested that the proposed method can be
applied to terminal airspace, but it has not been tested. Riedel et al.3! used the particle swarm algorithm with speed
constraints to achieve a balance between IM and fuel saving in the descent phase. Barmore et al.3? used proportional
control and ground speed feedback to compute the speed compensation required to eliminate the spacing errors and
employed a human-in-loop approach to achieve delay absorption during descent in the terminal IM.

When manually judging the distance and speed between a pair of adjacent aircraft, there are often no clear
boundaries. These unclear features make controllers have the ability to solve or make decisions of complex, nonlinear,
and incompletely known rules such as IM instead of machines. The fuzzy decision-making provides a feasible
solution for IM. Fuzzy logic can handle the concept of partial truth values between “completely true” and
“completely false”.33 A fuzzy model can be built up directly through ATC expertise which can be expressed by a set
of heuristic rules quantified according to fuzzy set theory.?*

When using fuzzy logic for decision-making, traditional research typically involves fixing the parameters of the
membership function and using consistent functions for the entire decision-making process. This method has been
successfully applied in various applications, such as drone collision avoidance?, quality assessment of 4-Dimensional
Trajectory (4DT)*, control of ground traffic lights’’, and aircraft clearance decision-making®. While static
membership functions can handle simple decision-making problems, more complex problems require a more
fine-grained approach by increasing the division of the universe of discourse and adding fuzzy rules. For instance,
Oren and Yiicel® used 487 rules to model landing sequences, and Volpe Lovato et al.*’ used two fuzzy models with
171 rules to remove conflicts during the en-route flight phase. Actually, in real-world scenarios, the variation range of
decision variables may change in real time, which requires more flexible decision-making. If static membership
functions are used in this complex scenario, more factors need to be considered, resulting in more detailed divisions
and rules for making high-quality decision. This may raise parameters adjusting challenges and require complex
experiments to explore the operation laws. To address this issue, we propose a novel method of dynamically
generating membership functions to simplify the complexity of fine division of the universe of discourse, numerous
rules, and difficult parameter adjustment in the design process of static fuzzy decision-making methods. This method
specifically addresses the complexity of the flight en-route descent phase, which is a critical area in decision-making.

In the light of the above discussion, previous research on IM focused on a simplified two-aircraft model consisting
of a front and rear aircraft during the en-route phase, as shown in the dotted box in Fig. 1. Compared with the route
operations, the descent stage in the terminal area has a more complex operating environment and uncertainties, which
brings more challenges to achieve IM. Moreover, the performance differences among various aircraft types further
complicate interval management during the descent. It is difficult to use accurate numerical values to characterize the
motion state and interval distance between aircraft sequences in this complex scenario, which is a significant reason
for simplifying the problem in the previous study. The bottom left corner of Fig. 1 shows significant factors that were
rarely comprehensively considered in previous studies. To deal with the above difficulties, this paper proposes a
dynamic speed control prototype system based on fuzzy logic theory, as shown by the right solid line box in Fig. 1.
This approach overcomes the limitations of traditional static fuzzy decision-making by dynamically adjusting the
descending flight speed according to the flight performance of multi-aircraft in real time to ensure the minimum
interval. The prototype system can also adapt to uncertain conditions.



4 - Chinese Journal of Aeronautics

r-—-————--"=-"-""-"="="=-"="-"="-"="== 1
I A, trajectory Route interval : Dynamic fuzzy logic rules
A, trajectory management
I - |
-
-
: Generate™ ~ ~_ - =~ Support :
| |

. Speed control | Near or far?
L Previous | Fast or slow?
———————— . Accelerate or decelerate?
Include Solve Uncertainty change?
| I ﬂ Linguistic Speed adjustment?
Multi-aircraft Terminal descent term

Uncertainty

Fig. 1 Highlights of this paper.

Subsequent sections are organized as follows. Section 2 describes the research problem and builds the fundamental
model required for the IM problem. Section 3 shows the operation flow of the Interval Management System (IMS)
prototype based on Dynamic Fuzzy Velocity Decision (DFVD) algorithm, and introduces its design method in detail
for the key steps. Section 4 conducts validity verification, sensitivity analysis, and impact factor analysis experiments
of the proposed method based on formulating evaluation indicators and experimental scenarios. At the same time, we
analyze the experimental results.

2. Computation scheme

It is significant to ensure the safety of multi-aircraft intervals and reduce spacing to improve operational efficiency,
especially in terminal area. Uncertainty increases the difficulty of aircraft interval management. In this section, we
construct the 4DT model, formulate an uncertainty model during flight, and analyze safety and flight constraints.

2.1. Problem formulation

Safe interval between aircraft is required at all flight phases, while the characteristics of sequence, high volume of
traffic, and potential for conflicts make the en-route descent phase be a significant process to realize IM. The research
object is to realize the automatic IM for aircraft sequence in the terminal area with uncertainty by adjusting the
aircraft speed. We made several assumptions and explanations to make the study feasible.

Specifically, we assume that aircraft can receive the flight speed and position coordinates from the ADS-B data of
the front and the rear aircraft, and the data are unbiased. The flight parameter simulator aboard is constructed based
on the user manual for the Base of Aircraft Data (BADA) with Indicated Air Speed (IAS) flight mode. The flights in
the research are not affected by factors other than uncertainty wind, and the wind model is known. The research phase
starts at the point about to descend on the route and ends before the final approach. The phase is preceded by the
Standard Terminal Arrival Route (STAR), and it starts at point S on the route and ends at point F, where the aircraft
descends to an altitude of about 2000 m above the ground as shown in Figs. 2 and 3. We consider a group of target
aircraft flying within 90° clockwise and counterclockwise in the approach direction of the runway, and assume that
their order is fixed and cannot be changed as they intercept a public route segment R,,.

2.2. 4DT en-route descent model
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The positions of the original aircraft (4,;,i=1, ..., i-1, i, i+1, ..., N,) transform to a same reference datum at
first as shown in Fig. 2. 4,; and 4,;,; are flying at FL256 (Flight Level 256), and 4,; and 4, are
respectively flying at FL236 and FL276. Taking FL256 as the datum plane, 4,; and 4,;.; are projected to the
plane and denoted as A})’J and Af,’,i_l . Then straighten the flight route and arrange aircraft on the same straight line

according to the remaining flight distance. 4,; isrecorded as 4; after position conversion.

% A, FL276

/ /
| | | FL236 [ Ao

s F
S
A, A XYt 4, !
= 7 ‘

(@] X

Fig. 2 Horizontal profiles and their conversion method of multi-aircraft during approach.

The conversed real-time 4DT of 4; is denoted as X;, ¥;, %, and ¢, and specifically, these are on-track
distance, off-track distance (a constant value in the research), flight altitude, and elapsed flight time. Denote 4; as
the current aircraft, and 4,_; and 4, are the front and rear aircraft, respectively. The intervals between 4; and
them are d; 1, and d;;,;, which must be longer than the specified interval criterion at any time during the flight.
Conversed vertical profiles of multi-aircraft in the same en-route procedure are shown in Fig. 3.

Fig. 3 Conversed vertical profiles of multi-aircraft during approach.

Hg, Hp,and Ty; represent the start altitude, the final altitude, and the Top of Descent (TOD) point for 4;,
respectively. 7, di;, dq; are en-route descent range, level flight distance, and descent distance of 4,
respectively, satisfying 7; =d,; +dg4;. Denote the IAS of 4; as Vj;. Taking At as the time unit, the 4DT of 4;
can be defined mathematically by the following equation:

ZLi,j (At) = ti,j—l + At

X (A = x; ;o + VAL

Y; ;(Af) =y, ;| = constant W
Yij s dl,i

h

i,j-1

H
h ;(At) = {

- rdj’jAt X ;> dl,i
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where the subscript J is the count of A7, that is the jth time unit. VT,,-, ; 1is the True Air Speed (TAS). 74, is
the descent rate, which can be generally calculated as

L VA @

myg

where D, T, my,g, and Ma are the drag, thrust, mass, gravitational acceleration, and Mach number of the
aircraft, respectively, which are continuously changing in real time.

The energy sharing factor f{Ma} is only the function of current Ma and obtained by BADA.*' Vi and Ma

are derived from a given V; as

Vi=Ma-a

K K
. = (3)
Ma= |2 (1+K(VI)ZJK -1 (p)ﬂ -1

where @ and ¢, are the speed of sound in non-standard and standard atmosphere at flight height and sea level,

respectively. K=1.4 is the isentropic expansion coefficient for air, K'=K-1=04; P and p, are the
non-standard and standard atmospheric pressure at flight height and sea level, respectively.

Supposing that aircraft descend with the reference IAS (Vi:;;), d; and dy4; can be derived in reverse as
follows:

hu/:Hs
dy=r—-dy;=r— Veis (VLr’i’j)x At (€]

i
J=1

2.3. Uncertainty modeling

The uncertainty during the flight greatly affects the aircraft's judgment of the current condition and future
separation trends. There are many uncertain factors during the flight, such as wind uncertainty and measurement error.
Wind uncertainty is a significant factor affecting 4DT*2, and its uncertainty is mainly due to the random noise wind.

Denote (l ) as the speed uncertainty caused by wind®, which consists of gust ¥, (Z), gradual change wind

Vie (t ) , and random noise wind ¥, (t ) , with details in Eq.(5).

Va(t) = Vg () Ve ()47 (1) )

Gust can describe the sudden change of wind, which can be calculated as follows:
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gl
(1)= Vi.g.max 1—005211[ ; J ly) <t <ty +1,
g g

0 others

(6)

where Vigmex is the maximum speed of gust; /y and ?, are the starting and duration time of the gust,
respectively.

Gradual change wind represents the gradual change character of wind speed, as shown in:

V £) = () cl 7
e (1) t, <t<t,+t, )

u,c,max c

0 others

t—t,
Vu,c,max[t > j tcl<tgt02

where Vyemax, fe1, %o, t. represent the peak speed, starting time, ending time, and duration of gradual change
wind, respectively.

Random noise wind can reflect the turbulence during the whole process, which can be characterized by a power

spectral density that is denoted as P (60, ) :

1

Van (1) = 2%[P(a)i“ )Aa)]E cos(a),-nl‘ir(ﬂ,-n) (®

i=

where N, is the points count of the upper cut-off frequency; A indicates the frequency step, @; = (i,, -1/ 2)Aa) ;

@;  is a random variable uniformly distributed over the interval [0, 2x].

n

The calculation method of P (60, ) is shown as follows:

2.
Plo, )= n
(a)) (1+1.5a),.“1/V_n)5/3 ®)

where 1=0.12, /=600 is the turbulence length scale; 7[1 is the average wind speed.

2.4. Model constraints

Interval criteria are different in different countries or institutions due to differences in monitoring techniques or
evaluation criteria. Two interval criteria based on wake vortex are adopted in the research, as shown in Table 14,
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Table | Wake turbulence separation minima dj .

CCAR-93-RS5 category — ownership(km) RECAT-CN category — ownership(km)
Front Front

J H M L J B C M L
J 5.6 11.1 13.0 14.8 J 4.7 9.3 11.1 13.0 14.8
H 5.6 7.4 9.3 11.1 B 4.7 5.6 7.4 9.3 13.0
M 5.6 5.6 5.6 9.3 C 4.7 4.7 4.7 6.5 11.1
L 5.6 5.6 5.6 5.6 M 4.7 4.7 4.7 4.7 9.3

L 4.7 4.7 4.7 4.7 4.7

Note: CCAR represents China Civil Aviation Regulation; RECAT-CN represents Wake Turbulence Re-Categorization in China.

For safety reasons, aircraft must comply the performance limits and ATM speed constraints. The study adopts the

IAS flight mode and V; G[VLmin ,VLmaX] Also, during speed adjustment, the maximum acceleration value is
aymax =2 kt/s (1 kt=1.852 km/h).

3. Modeling of dynamic fuzzy speed control

This section describes the realization of IMS. We firstly introduce the operation flow of IMS. As the key algorithm
of IMS, DFVD is described in detail later. Finally, the significant design parts of the decision algorithm are
introduced.

3.1. Interval management system flow

Fig. 4 shows the flow of IMS for realizing IM by controlling the speed of aircraft sequence. Flight parameters used
in DFVD include flight speed and flight distance. The uncertainty wind is generated by the model described in

Section 2.3. During the jth time step, as the input parameters required for IM, di—l,i, i di,i+1, J VT,i,i—l, j,and Giy;;
are calculated. After that, the speed adjustment value AV, ; is decided based on DFVD. Once all aircraft in the
current jth time unit have completed their decisions, aircraft will follow the speed decision with
AV, = [AVLQJ, AVis ), AV NA,./} and the next time loop will be performed. The aircraft will be popped out as it
flies through the final point. Once all aircraft are popped, the speed control is finished.
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Input: Aircraft count N,
performance parameters,
atmospheric parameters,

target airspeed.

4DT sequence
with AV, |

Initialize

L du P

v Gy

DFVD —AV,

Append AV, |

/ Vv
w il g

Fig. 4 Flowchart of IMS.

DFVD is the key link to decide speed adjustment, and the input parameters can be calculated as follows:

di—l,i,j =X T X T 2dIC,i—l,i

di,i+l,j =X Xk T 2d1C,i,i+1 (10)
Viiicn =Vri; = Vi ¥ Vaio,)

Ay ; =V Vi

3.2.  Dynamic fuzzy velocity decision algorithm

The DFVD algorithm is designed for the speed adjusting decision of all aircraft. Iterate over each aircraft 4; (i=2,
3, ..., Na) in a time unit, and if the distance between 4; and 4, is greater than the maximum interval settings, then A4;

directly adjust the speed according to the maximum acceleration @, max . Otherwise, update the spacing between A;

and A4;,, and 4; and A, according to rows 9 and 10 of Algorithm 1 to ensure d; ; €|:09k1dlC,i-l,i:| and

d;in E[O,kzdlc,i)m], where & and k&, are the corresponding bounds. Then dynamically generate the

membership function and fuzzify (rows 12 and 13), perform rules (rows 14 and 15), aggregation and defuzzification
(rows 16 and 17), and finally complete the speed regulation decision of an aircraft (row 18), until the speed adjusting
decision is made for the aircraft sequence. The entire decision-making algorithm is shown as Algorithm 1.

Algorithm 1. DFVD algorithm for A; (i=2, 3, ..., Na) in the jth time unit
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10.

12.

13.

16.

17.

20

Input: aircraft types, di.y i, dij+1> V.01, and a;.; j calculated by Eq.(10)

Initialize: speed adjustment value AVj;; and AVy;

Calculate dic ;.1 ; and dic,;;+1 according to aircraft types

For each A; in the aircraft sequence in the /™ time unit

IF diij> kisdic,ii

A V[,i,jeav,max X At

continue

Else

d;.1, i~ min[max(d.;, 0), ki1* dic,i-1.i/

d; jiv1,j~min[max(d; j+1 5, 0), ka*dic,i.i1]

End if

Membership functions generation and fuzzification:

return membership values in the input linguistics

Fuzzy rules interface:

return membership values in the output linguistics

Aggregation and defuzzification:

return AVy;;

Append AVy; with min[max(AVy, -At® @y max), At* ay max]

End for

Output: AVy;




Chinese Journal of Aeronautics 11 -

The DFVD algorithm mainly includes three key sections: fuzzification based on membership function, fuzzy
inference based on rules, and aggregation and defuzzification. These three primary steps are in rows 12-17 of
Algorithm 1, which are specifically described from Section 3.3 to Section 3.5.

3.3. Dynamic fuzzification

The dynamic characteristics of the fuzzification process are reflected in two aspects. Dynamically generate the
membership bounds of universe of discourses, based on (A) different d- between adjacent aircraft and (B) the
limitation of the TAS in real-time altitude.

In fuzzy theory, a universe of discourse (U) is usually divided into multiple elements scaled fuzzy sets.
Fuzzification is the process of determining how true an input variable belongs to a fuzzy set. This truth degree is
membership. It is a major task to define membership functions to realize dynamic property. Although trapezoidal and
triangular membership functions are quite simple and have been used extensively in many applications®, we chose
bell-shaped ( Fg), S-shaped (Fg), and Z-shaped (£ ) functions according to the result of the pre-research. The
expressions of these shapes are given as follows:

FB(x;al,az,a3) :1/[1+(x—a3)2aZ ~a172“2} (11)
0 x<a,
’ +
Z[X_a“] a, <x<-2 %
. as —ay 2 12
Fy(x;ay,a5) = 5 (12)
oo X AT
as—a, 2
1 X>as

Fz(x;aé,a7)=1—Fs(x;a6,a7) (13)

Significant parameters that affect the safety interval in an aircraft sequence are the distance between the front and
the current aircraft (Uy), the distance between the current and the rear aircraft (U,), the relative TAS between the front
and the current aircraft (U,), and the acceleration of the front aircraft (U,). These four parts are the universe of
discourse of inputs. The fuzzy set in each universe concept are: Uy = {Near, Middle, Far}, U, = {Near, Far}, U, =
{Slow, Fast}, U, = {Decelerate, Accelerate}. We construct the input membership functions with parameters k1=k,=4,
k=0, k,=1.5, ks=3, as shown in Figs. 5 (a)-(d).
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Fig. 5 Membership functions.

Controlling flight speed is a primary strategy for managing intervals. The variation value of the current aircraft [AS
is the output universe of discourse and defined as U, = {Decelerate, Maintain, Accelerate}, as shown in Fig. 5 (e).
There follow the specific generation methods for the membership functions.

Fig. 5(a) shows the membership functions of d;_;;, which derive from Egs.(11)-(13). In detail,
F} (di—l,i):FZ (di—l,i ;ka 'dIc,i-l,i =k1/2‘dlc,i-1,i), Fni,mid (di—l,i):FB (di—l,i;dIC,i-l,i’2'592dlC,i-l,i)a

m,near
(d,»_l,i)= Fg (di_l,,«; k[2-dic ;s (Ky —k3)d[c,,-_1,,»). The interval criterion dic;.1; changes with the (i—1)th
or ith aircraft type, which leads to a dynamic generation of membership functions in the universe of discourse of
Ur.

Ff

m,far

Fig. 5 (b) shows the membership functions of d;;;; derived from Egs.(11) and (13). In detail,
B near (di,i+l ) =F; (di,i+l sky dicgi s ks diciin ) > i far (di,i+1) = Fg (di,i+l; (kz —ks )dIC,i,H—l > (kz - k4)dIC,i,i+l ) .
Similar with the universe of discourse of Uy, the membership functions of U, are dynamically generated by different

combinations of the ith and (i—1)th aircraft type.

The membership functions of relative TAS between two aircraft are shown in Fig. 5(c). Denote

VE =V = Vi and Vi, E[VTlfmm , VT}?maXJ, where Vi, is the minimum TAS of A, minus the
maximum TAS of A, ; and VTI?maX is the maximum TAS of A; minus the minimum TAS of A, ;. The
membership functions can be expressed as: mslow (VTJ’I-_I ) =F (VTJ,,-_1 ;—0.1 VTR ,0.1 VTR) ,

. fast (VT,,-,,-.l) = FZ(V i1 5= 0.1 VR, 0.1 VTR). During the en-route descent process, the limitation of IAS for an

aircraft is constant. Within a decision cycle, mem and VT}?maX can be calculated according to IAS limitations

and real-time flight altitude of aircraft based on Eq.(3). V& that changes in real time could be obtained
subsequently, which leads to generating the membership functions of U, dynamically.
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The acceleration membership function is generated statically, since the constraint is described in Section 2.4. Fig.

5(d) shows the membership functions of ;€ [—avgmax, av,maXJ, F,ﬁ,dec (a,«_1 ) =F, (ai_1 3= Ay max ,0.8),

Frz,acc (ai—l ) = FS (ai—l 5 -0.3 H av,max ) .

Fig. 5(e) shows the speed adjustment membership function of the current aircraft, as the output is statically
fuzzified into three fuzzy sets. The range of speed change is preset as AV;; €[-3, 3] kt. The membership functions

of output fuzzy sets are [ﬁ,deC(AVLi) =Fr, (AVL,- ;—1.8,—0.6), mid (AI/L,.):FB (AVL[ ;1.2,5, 0),
Fp e (AV1,)=F (A7, :0.6,1.8).

m,acc Li»

3.4. Fuzzification rules and interface

After fuzzifying inputs, we obtain the truth degrees of the observations for different fuzzy sets in different
universes of discourses. But these membership values cannot establish a direct relationship with output variables.
2 4‘053

Inference based on fuzzy rules can determine this implied relationship. Table 2 shows the fuzzy rules, and “ - ”, ,
and “+” represent the universes of discourses of deceleration, maintenance, and acceleration, respectively.

Table 2 Fuzzification rules.

U Near Middle Far
U, U,
U, Near Far Near Far Near Far
Decelerate + - o B + +
Fast
Accelerate o - o o + +
Decelerate o - o o + +
Slow
Accelerate - - + o + +

The inference process is realized using “IF ... THEN” conditional statements connected with the fuzzy AND
operator. Taking A; as an example, the inference logic for the 3rd row and 4th column in Table 2 is given as follows:

IF (d;_; isnear AND d;;,, isnear AND Vr;;; isfast AND ¢;, decelerates)

THEN AV}; decelerates
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3.5. Aggregation and defuzzification

A membership value will be obtained after a rule is operated as previous statement. Using this value to truncate the
output membership function will obtain a new truncated function. A set of inputs may be meaningful under multiple
rule actions, so all rules should be tested. This will result in generating a set of truncation functions. We set the
weight of each rule to be 1 and use the OR operator to integrate truncated output membership functions. After OR
operation, we will obtain one integrated membership function.

Then, we use the centroid average method to defuzzify, and transform the language term into an accurate output
value. The essence of the centroid method is to calculate the centroid of the integrated membership function. Fig. 6

depicts the defuzzification effects with V1 ;1= —40 (Ist row), 0 (2nd row), 40 (3rd row) m/s and @;,_;= —1 (1st
column), 0 (2nd column), 1 (3rd column) kt/s, respectively. The parameters of membership functions are the same as
those in Fig.5. The maximum of AV; in Fig. 6 (a) is 1.65 kt, and that in Fig. 6 (i) is minimum with —1.9 kt. This

effect conforms to the fuzzy rule settings in Table 2. It can be seen from the figure that there are many conditions in
which it is not necessary to change the flight speed.

3
5

TR
W

AV, (ki)

o, /f.'
N

,‘,‘ R
3 ’ AR
R g
SRR ) i 0t
R iy
R Yo ; gy e ) " it i
3 L =z 0. - 0.

N
S

AV, (kt)

AV, (kt)



Chinese Journal of Aeronautics -15 -

Fig. 6 Defuzzification effects under different V1, j; and a;_;.

4. Simulation results and analysis

In this section, we evaluate the proposed IMS prototype based on both actual and simulated flight data and analyze
the results. Firstly, we set up the experimental scenarios and assumptions, as well as introduce the actual flight
trajectory. Then, we formulate the evaluation indicators. After that, we verify the effectiveness and the uncertainty
suppression of the proposed algorithm. Finally, we analyze the influencing factors of the results. The proposed
prototype was developed in C# and tests were performed using a single machine (Intel(R) Core(TM) 17-1065G7, core
processor (1.3 GHz), and 8 GB RAM).

4.1. Scenario and assumptions

4.1.1. Overview

The initial flight height during the en-route descent process is g =8 km . Aircraft are assumed to be in level
flight before TOD and using continuous descent operation after the point. The entire process adopts IAS flight. The
total flight range 7; =150 km and the end height H =2 km . The experimental setup follows these conditions:

(1) IDLE thrust with standard atmosphere condition.

(2) The first aircraft in the test adopts real flight data or flies in a uniform deceleration mode depending on the
case.

(3) ATM speed limitation is [ Vxraminsatvmas | = [ 130 KtV o =30kt ].
(4) Initial ¥} is generated randomly in [VLmin =100 kt, V] . =70 kt] .
(5) Target IAS Vrg; is generated randomly in [VATM,min +30 kt, Vs rnmax +90 kt} .

(6) Initial interval is the same with actual spacing data or generated randomly in [2, 6]+ dic .1, depending on the
case.

(7) If an aircraft becomes the first one, adjust ¥; to Vrg; with *@, . until passing the endpoint with Vrg, .

(8) When the first aircraft enters the airspace, the clock is reset to zero.

(9) To avoid accidental error, each case carries out 10 runs except the experiment in Sections 4.3.1 and 4.4.
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Aircraft types and speed limitations based on performance are shown in Table 3, as well as the aircraft category.

Table 3  Aircraft and parameters.

Aircraft  Category  Category  Vimin  Vimax

type CCAR  RECAT (k) (k)
A320 M M 105 350
A321 M M 106 350
A330 H B 106 330
A350 H B 116 340
A380 J 117 340
B738 M M 105 340
B752 H M 116 350
B772 H B 111 330
B788 H B 118 360
G650 M M 104 340

The 3000 s uncertainty simulated wind (sample) used in the study is shown in Fig. 7.

V. (kt)

u
(V. RV L]

0 500 100 1500 2000 2500 3000
1(s)
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Fig. 7 Uncertainty wind speed sample.

4.1.2. Actual flight data

The actual flight data are used to verify the effectiveness of the algorithm. We downloaded the arrival flight states
of Heathrow Airport (LHR) on 2022-06-27 from OpenSky, and filtered and preprocessed the flight sequence
according to the following principles:

(1) Aircraft continuous flight sequence includes 3 aircraft at least, which are not affected by other flights.

(2) Each aircraft uses the same STAR or intercepts the same approach procedure.

(3) No more than 5% missing data during the descent process from Hg=8km to Hyp =2km,

(4) Linearly interpolate the data based on 1 s.

(5) Inversely derive flight parameters before TOD during level flight with height 8 km.

The actual flight trajectories consisting of longitude and latitude profiles and vertical profiles are shown in Figs. 8
(a) and (b), respectively.

52.0 15
—— == _7_:— - - o Al a

515 de——=>— - A,
~ = 10} 4,
3 £
o 5101 e~ — 4
.E; A, g Hg 4oa
= A gh
= 505+ 2a
- As.u £ Sk

A
50.0 4.
Y% LHR .
495 . . . 0 . . .
0 1 2 3 4 3 2 1 0
Longitude (°) Distance (10°m)

(a) (b)

Fig. 8 Actual flight trajectories of aircraft 4; ,.

The abscissa in Fig. 8 (b) represents the flight distance of the aircraft from LHR. The descent trajectories between
the two dashed lines are the experimental segments. The flight process above Hg is assumed to be a level flight at
this height.

It should be noted that this group of real trajectories starts with 4,, flying ahead of 4, ,, but according to the
approach sequence, 4, , will finally fly past A, ,. We assume that 4, , and 4, , do not conflict during descent. Several
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significant parameters related to the experiment of the actual data are shown in Table 4. Unless otherwise stated, the
above scenarios are applicable to all experiments.

Table 4 Aircraft flight sequence information.

Number  Flight number  Aircraft type  Initial Vi (kt)  Vrpg; (kt)

A, MH2 A350 264 208
Ara QQES69 G650 237 166
Az, QR8854 B773 270 173
Asa BA32 B789 244 226

4.2. Evaluation indicators

The following indicators are defined to evaluate and analyze the experimental results:

(1) Separation rate Rg and its average value R_S

Rs represents the spacing ratio between two adjacent aircraft and the interval criterion in 7 numbers of time

unit. R_s is the average value of Rg for all adjacent aircraft pairs in all numbers of runs, shown as follows:

L di—l,i, j
Rg; ;= Z—’ (14)

j=1m ey

(2) IC deviation rate Rp, and its average value Ry

Rpyx (k=1 denoted as the deviation coefficient) is the ratio of the two aircraft’s flight time with the separation
between [(k_l)'dlc,i-u , k'dIC,i-l,i] to the total common flight time (#r,.1;) of 4. and 4;. Ry, represent the

average value of Rpy for all adjacent aircraft combinations in every moment during all runs, which can be
expressed as follows:



Chinese Journal of Aeronautics -19 -

! dyy e (k1) diey kodiy; ] (15)

I,

RD,k,i—l,i =

(3) Total en-route descent time Igp and its average value E

Tzp means the total flight time of a sequence managed by IMS, which starts when the first aircraft in the sequence

takes control and ends when the last aircraft finishes control. Ty is the average value of Tgp for all runs.

(4) Average speed VI

71 represents the average of V;; for all aircraft in all runs.

4.3. Effectiveness verification

To verify the effectiveness of the proposed IMS, we compare the result of the experiment using the system
prototype with the actual flight data introduced in Section 4.1.2. To further verify the effectiveness and stability with
different operating scenarios, we introduce a complex simulation environment that meets the conditions in Section
4.1.1, execute the prototype and record results.

4.3.1. Verification based on actual data

The first aircraft in the experimental group adopts the actual data of 4, ,, the initial and end conditions of the
remaining aircraft are the same as the actual data of 4,, — A4,, and then the DFVD algorithm is used to solve and
calculate TAS, trajectories, flight parameters, and indicators. The experiments are assumed to be carried out under
standard atmospheric and calm wind conditions.

Results generated by DFVD are shown in Figs. 9 (a)-(d) and marked as 4| — A4. A, — A4, are the control group
with actual data. The descending vertical profiles in Fig. 9 (a) of the experimental and control groups are similar. Figs.
9 (b) and (c) clearly depict the trend of flight height and distance over time. From Figs. 9 (a) to (c), we find that the
whole descending process is safe. The initial and ending IAS in Fig. 9 (d) is the same for these two groups. Therefore,
the DFVD proposed in this paper can effectively solve the automatic interval management in the multi-aircraft
operation process. Fig. 9 (d) shows that 4, — 44 can adjust the IAS faster with lower frequency compared with 4, , —
A, In Fig. 9 (e), the scale 1 on the vertical axis represents that the spacing between the adjacent aircraft equals to the
interval criterion, d,, surpasses the safe interval after 148 s, while d; 4, is less than the interval after 1989 s. This
result indicates that the capability of IM is greatly improved, which is specifically recorded in the following indicator
comparison table.



20 - Chinese Journal of Aeronautics
2
8 8 ~
N I \ - _ A
S \ \\‘\\\ 1+ P T
- 6k Y el WY - P P
= 6 o £ 6 \ \_\\ \\ ;E e 7
2 \ 2 \ AN S 0F oy
= ~ \ z \ \ N NN =z L -
= 4l SN 4} \ N \\ o] iz”
™ S \\ \ \\ N -1 ///'/
\ \\ \ NN s
2 - — 2 e -2 T —
0 5 10 15 0 0.5 1.0 1.5 20 0 0.5 1.0 1.5 20
x(10°'m) 1(10%) t(10°%s)
(a) (b) (c)
350 30
N .
300 W‘
_ _ \ 20t
< 250 BRI &
w he T~
[~ 10 F
200 N
] e === __
150 . L " " LR lellleed veleletiesties ym= = Sy
0.5 10 15 20 0 0.5 10 15 20
1 (10%) 1(10%)
(d) (e)
A\fdl.z A}"d_x_l A\ nldl 28 7’43‘;\/‘1,3 4
AJd, 4, A, fd, 4,

Fig. 9 Actual flight data and results using IMS.

Combining Fig. 9(e) (marked as d;., ; for DFVD results and d,,_;, for the control group) and Table 5, we can find
that the IMS can quickly reduce the distance between two aircraft with large spacings (d,3) and rapidly increase the
distance in the opposite case (d;,). If the distance between two aircraft reduces, IMS can avoid the spacing shorter
than the safety interval (ds4). Tp=4788 s in the actual data, and this parameter reduced to 3353 s (reduced by 29.97%)
after using IMS. The results show that IMS improves the en-route descent efficiency while ensuring safety.

Table 5 Indicator comparison for distance between adjacent aircraft.
Number  Rs,.i; Rp, Rp) Rp3 Rpa4 Rps Rpg Rp;
dys 2.0867 0.2079  0.2135 0.2781 0.3006 0 0 0
da3 15.8182 0 0 0 0 0 0.0441  0.9559
ds4 3.8969 0 0 0.0770  0.4014 0.5216 0 0
di2a 0.5676 0.8336 0.1664 0 0 0 0 0
drj3a 20.1332 0 0 0 0 0 0 1
d344 3.1444 0.0587 0.1660 0.1665 0.3411  0.2148 0.0530 O
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4.3.2. Verification based on random simulation data

The flight sequence in this experiment consists of 20 aircraft (Ny=20). Except for the first one, aircraft are
randomly generated based on the types shown in Table 4. 4, in Table 4 is set as the first aircraft in control

experiment and 7; =150 km ., Other experimental conditions are set according to the rules in Section 4.1.1. The level

flight distance and descent distance are calculated by Eqs.(1)-(4).

Fig. 10 shows the results of one run, where Figs. 10 (a)-(d) marked as 4, — 420 and Fig. 10 (e) marked as d;;, ;. The
TOD point of each aircraft is different in Fig. 10 (a), which leads to different descent rates. Figs. 10 (b) and (c) show
the coordinate plots of flight altitude and distance versus time, respectively. From Figs. 10 (a) to (c), we can find that
at every moment the descending process of the sequence is safe. The adjustment process of IAS is shown in Fig. 10
(d). Speed adjustment is frequent at the beginning, and then tends to slow down. The intervals between two adjacent

aircraft in Fig. 10 (e) meet the safety standards.
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Fig. 10 Simulation data and results using IMS.

The average value of interval evaluation indicators for 10 runs are shown in Table 6. The average separation rate is
2.7256, with an average of 61.44% separation values distributed between [2, 3] d)c . The spacing of less than 0.2% is
smaller than the criterion and the adjustment time is a few seconds. The average value of total en-route descent time
for 20 aircraft is 4255 s.
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Table 6 Indicators between adjacent aircraft for simulation experiment.

Ry Ty (5) ¥y (ko) Kal Rp, Rps Rpy Rps Rp Ry,

2.7256 4255 185.8 0.0013 0.0709 0.6130 0.2994 0.0090 0.0036 0.0028

The verification results in Section 4.3 prove that the proposed prototype system can operate stably in different
operating scenarios, even in a more complex environment than the actual one.

4.4. Uncertainty suppression verification

The experimental setup in this section is based on Section 4.3.1, while the uncertainty is added. We designed two
control groups to verify the uncertain suppression performance. For the first control group, we assume that A, — 44 fly
at a uniform deceleration (—0.1 kt/s), denoted as the Unf-group and marked with subscript “u”. For the second control
group, we designed 4, — 44 to follow the speed change of 4, denoted as the Flw-group and marked with subscript “f”.

The wind change directly leads to the 7} change in this group. The experimental group disposes of the uncertainty
wind by DFVD.

As shown in Figs. 11 (a)-(c), the vertical profiles of the aircraft in the same order are similar for the three methods,
as well as the coordinate plots of flight altitude and distance versus time, while the change of ¥} is quite different
(Fig. 11 (d)). 7} in the Unf-group changes smoothly because the acceleration is constant before the aircraft reaches
the target IAS. The trend of ¥ in the Flw-group changes according to the first aircraft, while a little deviation is

caused by uncertainty wind. This deviation is insignificant relative to the wind, which means that this method can
reduce the influence of uncertainty to some extent, but the fluctuation of IAS is obvious. Meanwhile, these two
methods lack the judgment and adjustment of the distance between adjacent aircraft, which results in unreasonable

spacing. By comparing the results in Section 4.3 and this section, it can be found that the trends of ¥} and Rg are
almost the same. Therefore, uncertainty winds have little effect on the result of IMS.
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Fig. 11 Results with wind uncertainty.

4.5. Sensitivity study and analysis

In this section, we analyze the sensitivity of DFVD for interval management results. The bounds and parameters of
membership functions for Uy and U, primarily affect the spacing results, which we specifically analyzed. Taking the
experiment of Section 4.3.2 as the baseline of this section, the following experiments are set the same as the baseline
if not otherwise specified.

4.5.1. Impacts of velocity membership functions bounds

To verify the advantage of dynamically generating the bounds of velocity membership functions, the variation

range of Vr;;1 is fixed as [VT]?min , VT]?maX J =[-142, 145] m/s in the experimental group. Results are shown in Table

7. Compared with Table 6, the fixed bounds of U, reduce R_S and E with a faster 71 However, Rp; witha

static bound is 9 times that with a dynamic bound, and it will cause the rear aircraft to surpass the front one by using
static bounds. In addition, it takes a long time and a large speed change to return to an acceptable interval level,

which is unacceptable in practical operation. What’s more, the case of Ry, (k>4) occurs less frequently under the

dynamic bounds compared with the baseline.

Table 7 Indicators between adjacent aircraft for fixed velocity membership functions.
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Ry Ty (5) ¥y (ko) Kal Rp, Rp3 Rpy Rps Rps Ry,

2.6293 3447 191.5 0.0116 0.1289 0.5855 0.2460 0.0171 0.0077 0.0032

We take the velocity membership function as an example to illustrate the advantage of the dynamic generation
method. Table 8 illustrates two different aircraft combination groups, based on which we carried on the experiment.

Table 8 Combinations for two adjacent aircraft with different types.

Front aircraft 4;., Owner aircraft 4;

Group

tpr [Vl,minw Vl,max] (kt) type [Vl,miny Vl,max] (kt)

1 A320  [105,350] A320  [105,350]

2 B788  [118,350] G650 [104, 340]

Table 9 shows the changes of [Vﬁmm ,VTlinax] for the two groups. From the table, it can be found that the

combination of aircraft types and flight altitudes of adjacent aircraft will cause a huge difference in [VT}?min , VT}?max J .

If static membership functions are used as the basis for decision-making, it will cause huge unstable factors. For
example, a same combination of aircraft type with the same TAS will produce the same results when making
decisions at different flight altitudes, while the TAS limitations have already changed, which leads to insecurity and

instability decision. Differently, the dynamic membership functions will change over [VTlfmm , VTlfmax ] , which leads to

fair judgment for the current flight TAS. This insecurity and instability can be avoided by adopting the proposed
DFVD method without adding fuzzy rules. Therefore, dynamically generating the U, membership bounds does have
advantages in terms of safety and stability.

Table 9  [Mwn "] change with different altitude.

[P Vs | (m05)

Group

(i, hisy] (km) [8, 8] [8,7] [7. 6] 6, 5] [5.4] [4,3]

1 [-179, 179] [-167,183] [-160, 175] [-153,168] [-147,160] [-140, 153]
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2 [-162, 180] [-150, 184] [-144, 176] [-138,168] [-132,161] [-126, 154]

4.5.2. Impacts of distance membership functions bounds

Based on the baseline experiment, we change the bounds value of Uy (k1) and U, (k;) membership functions. The
vertical profile, flight speed, and Rg are similar with those in Fig. 10, as well as the coordinate plots of altitude and

g

distance versus time. Statistical results of R_S (“o” in subfigure a), E (“«” in subfigure b), and Rp are shown

in Figs. 12 and 13. The black point “*” in the Figs. 12 and 13 (b)-(f) represent Rp .

Fig. 12 shows the effect of k; on the results. R_S has an overall increasing trend as k&, increases (subfigure a). This
is mainly because when the initial interval is large and the value of k; is small, @;_;; belongs to “far” more often in
the fuzzification process. As a result, ¥}, increases and spacing between the current and the front aircraft decreases,
and vice versa. The Figs. 12 (b)~(f) also reflect this change, and with the increase of k;, Rp; and Rp, decrease
while Rp; and Rps increase significantly. The peak value of Rp; changes from k=3 to k=4. Due to
performance limitations, fuzzy logic rules, and the DFVD algorithm, R_S will not increase or decrease indefinitely.

It remains around [2.4, 3.2] d\c . The distance between the two aircraft is rarely less than dic or greater than 5dc .
Conversely, the same is true when the value of k; is larger.
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Fig. 12 Results of k; impacts on indicators.
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The trend of E is similar with R_s , because under the same average descent speed, the larger the spacing

between aircraft, the longer the flight time. However, R_S (k1=2) is smaller than R_S (k1=3), which is mainly caused

by the faster average speed of each aircraft during the descent process with k=3, as shown in Table 10.

Table 10 71 results under different ki, &, and ;.

ky ) ks

Value

4
(k)

288.1 251.5 185.8 168.0 1653 200.5 183.2 185.8 221.0 223.1 1742 176.5 1852 185.8 203.0

Fig. 13 shows the effect of k, on the results. Overall, R_s and g decrease with the increase of k;, and the peak

of Rpy changes from 4=3 to k=2. This is mainly because when the initial interval is large and k, is small, the

number of d,;.; belonging to the term “far” increases in the fuzzification process. This leads to the reduction of

Vii, the increase of the distance between the current and the front aircraft, and the increase of flight time. As

previously mentioned, results are also affected by performance limitations, fuzzy logic rules, and the DFVD

algorithm, R_S and E will not increase or decrease indefinitely.
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Fig. 13 Results of k; impacts on indicators.

Comparing the results of k; and k, in Table 10 with Figs. 12 and 13, we can see that the trends of E and 71

are consistent. However, the insignificant changes of E are not clearly related to 71 The change of E is also
affected by many other factors such as flight distance and flight altitude.

4.5.3. Impacts of distance membership functions parameters

Based on the baseline experiment, we change the parameters of Uy membership (k;) at first, and then change the
parameters of U, membership (the combination of k; and ks). The trend of the vertical profile, flight speed, and Rg of
each aircraft are similar with Fig. 10. Fig. 14 shows the effect of k3 on the results.
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Fig. 14 Results of k3 impacts on indicators.

As k; increases in Fig. 14, R_S (““©” in subfigure a) and @ (“” in subfigure a) all decrease. This is mainly
because the slope of the membership function will increase as k; increases. A larger initial interval will make d;_;
belong to the term “far” more often in the fuzzification process, resulting in acceleration and spacing decrease. From
Figs. 14 (b)-(f), we can see that Rp; is always at the peak position in different k3. The decrease of Rp (k=4) and

the increase of Rp x (k<2) cause a decrease as k3 increases.

Different combinations of [k4, k5] have little effect on Rp . Table 11 records the results of R_S, E and 71

under 16 combinations of [ks, ks]. T 1is small when [ks, ks]=[0, 2.5] and [k, k5]=[0.5, 2.5], due to the high average
descent speed. The combination of [k, k5] in other cases has little effect on the results.
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Table 11 Indicator comparison for distance between adjacent aircraft.

Number  [ky, ks) R Typ 5)  V; (kt)
1 [0,2.5]  2.6391 3640 217.0
2 [0, 3] 27533 4157 190.8
3 [0,3.5] 27745 4211 187.8
4 [0, 4] 27382 4066 196.2
5 [0.5,2.5] 2.6609 3871 207.8
6 [0.5,3]  2.8086 4311 186.9
7 [0.5,3.5] 2.7138 4100 189.5
8 [0.5,4] 27198 4039 193.4
9 [1,2.5]  2.7058 4019 198.9
10 [1,3] 2.7998 4297 187.7
11 [1,3.5] 27092 4140 188.8
12 [1,4] 2.6708 4055 189.9
13 [1.5,2.5] 2.7544 4166 190.8
14 [15,3] 27256 4255 185.8
15 [1.5,3.5] 2.6954 4107 188.1
16 [1.5,4] 27466 4108 192.8

4.6. Case study and analysis
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In this section, we analyze the impacts of 4 factors on results. These factors are separation standard, aircraft
category, initial separation, and initial height. The relevant parameters of the membership functions are set as [k, 4,
ks, k4, ks]=[4, 4, 0, 1.5, 3]. Other parameters of the control experiment are the same as Section 4.3.2. Control
experiment results are illustrated in Table 12.

Table 12 Indicators for control experiment.

=
=

T (5) 7 (kt) E sz Rp; Rpy Rps D6 Ry

2.9840 4677 174.1 0.0000 0.0143  0.5024 0.4679 0.0152 0.0002 O

4.6.1. Impacts of safety interval criterion

Experiments were carried out using the RECAT criterion in Table 1 to study the effect of the interval criterion on

the results, and the results are recorded in Table 13. Comparing it with Table 12, we can see that R_S , 71 ,and Ry,

have no significant changes, and the proposed DFVD method can be applied to different interval criteria. But E

in Table 13 is significantly smaller than that in Table 12. This is because the required interval of RECAT is reduced
relative to CCAR®, so the same number of aircraft can fly the same distance in less time.

Table 13 Results of interval criterion impacts on indicators.

]

E (s) V] (kt) E Kaz Rp; Rpy Rps Ry Ry

2.9500 3888 175.0 0.0000  0.0224  0.5207 0.4364 0.0205 O 0

4.6.2. Impacts of aircraft category

To study the impact of aircraft categories on the results, we carried out two groups of experiments. The first and
the second group only involve the H and the M category aircraft (CCAR C criterion in Table 4), respectively. Results
are recorded in Table 14. Compared to Table 12, R_S, 71, and Rp, have no significant changes. The proposed
DFVD methods can well achieve interval management under different combinations of aircraft categories. However,

Tep s significantly reduced compared to Table 14. This is because of the situation that smaller aircraft flies

following the larger aircraft will appear in the mixed operation mode (e.g. A320 flies following A380). In this case,
the required flight safety interval would be much greater than the mode of single-category operation. Therefore, the
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same number of aircraft take longer to fly the same distance in the mixed operation mode. The DFVD has shorter

interval management time in a single category operation mode.

Table 14 Results of aircraft category impacts on indicators.

CCAR category E E (s) VI (kt) E Kaz Rps Rpy Rps Rp6 Ry
H 3.0972 3925 1748 0 0.0060 04328 05234 0.0347 00021  0.0001
M 2.9972 3780 175.9 0 0.0195 0.4827 04703 0.0275 0 0

4.6.3. Impacts of initial spacing

We set 10 different initial intervals to analyze its effect. The initial spacing of the front and rear aircraft is
generated randomly between [y, Si2]*dic shown in Table 15, as well as the result of Vi .Changes of Ry, Tgp,

and Ry, are shown in Fig. 15.

Table 15 Initial spacing and result of 7; .

Number — [Siy, Sia] *dic ¥ (kt)
1 [2, 3] 217.0
2 [2,4] 190.8
3 [2, 5] 187.8
4 [2, 6] 196.2
5 [3, 4] 207.8
6 [3, 5] 186.9
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7 13, 6] 189.5
8 [4, 5] 193.4
9 [4, 6] 198.9
10 [5, 6] 192.8

Combining Table 15 and Fig. 15 (a), we find that R_S increases with Si; and S, respectively. From Fig. 15 (b),
we can see that Rp, and Rpz decrease while Ry (k >3) increases with the increase of No., which directly leads

to the increase of R_S An increase in both Sy; and Sp, results in an increase in the average of the initial interval
generated randomly, which takes longer to reduce the spacing of the flight sequence to an appropriate interval level.
The longer the interval adjustment time in the early stage, the larger the Ry . The spacing can eventually be

controlled at a reasonable level because of the DFVD. E changes little because 71 is not greatly affected by the

initial interval, as shown in Table 15.

50 5 0.8 =
45 o -, . Y
. ) 0.6
40 4
. é ) :
o 33 v 4 2 |5 os s o
W - \p:' ® &
30 C 3
0.2 &
25 .
5 ol @ = = &
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7
Initial separation number k

Initial separation number

51 02 03 04 05 06 07 =8 -9 10
(a) (b)

Fig. 15 Results of initial spacing impacts on indicators.

4.6.4. Impacts of the range of initial height

To study the effect of the initial height on the results, Hg changes from 6 km to 8 km with a step of 500 m.

Results are shown in Fig. 16. As Hj increases, Ry decreases and T, increases, which is safe and efficient in

actual operation. As Hg changes from 6 km to 8 km, the results of 7] are: 203.2, 189.4, 183.3, 177.3, 174.1 kt,
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respectively. The primary reason for these changes is that the entire descending process is a deceleration process.
This allows the aircraft sequence to decelerate faster, with reduced spacing. Ultimately aircraft fly at a lower speed
with a shorter spacing for the remaining flight range.

36 5 0.6
Hg(km)
O 0.5 ( 0 6.0
34 g O 63
. 4 04t 70
? @) O 75
s . 8.0
12 32 = |Fo3 ‘
. |2
3 0.2
3.0
01}
28 L n " A- " 2 0 & = N
6.0 6.5 7.0 7.5 8.0 i 2 3 4 5 6 7
Hg(km) k
(a) (b)

Fig. 16 Results of initial height impacts on indicators.

5. Conclusions

Based on the fuzzy control method, we propose a flight interval management system specifically for the en-route
descent stage, which aims to achieve the dynamic autonomous interval management for the aircraft sequence by
adjusting their IAS in real time with wind uncertainty. Analysis results are briefly illustrated as follows.

(1) Results of the proposed DFVD method outperform actual statistic data in interval management, reducing
aircraft en-route descent time by 29.54%. In addition, the wind uncertainty is well disposed compared to the general
method.

(2) The bounds of Uy, U,, and U, membership functions, as well as the parameter of Uy, significantly affect the
results with high sensitivity. In addition, dynamically generating the bound of U, membership is safer and more stable
than the static generation method.

(3) The proposed DFVD method can adapt to different interval criteria and aircraft categories. Considering the
influence of the initial interval and the initial height on the results, if the initial altitude is high, the initial interval can
be appropriately increased to improve the performance of DFVD. Not only does this increase the spacing and
improve safety, but it also does not affect the total en-route descent time of the flight sequence.

The proposed method, the generated trajectory, and flight parameters provide valuable guidance for realizing
autonomous interval management operations in the field of ATM and FIM. However, this research was carried out
for the normal flight sequence, and there are many impacts during actual operations. Future research will further
consider these disruptions, as well as the fuel consumption and emission issues that arise from them.
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