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Abstract: Optimization of runway scheduling for aircraft landings plays an important role in modern air traffic con-

trol, by maximizing throughput of an airport and minimizing fuel cost of aircrafts. As a nondeterministic polynomial-

complete(NP-C) problem, the runway scheduling of a considerable number of aircrafts in a multirunway airport hasn’t

been effectively solved. Because of considerable computation required by the traditional dynamic programming algorithm

under constrained position shifting(CPS), we can only sequence aircrafts and schedule the time of arrival in a single-runway

airport. This paper presents a new dynamic programming algorithm by changing the way of recurrence and combining the

traditional one with several other methods including a greedy algorithm. Our algorithm can solve the problem of multi-

runway scheduling with multi-object efficiently and effectively. A large number of experiments show that the complexity

of the algorithm is almost linearly proportional to the number of aircrafts, and the algorithm can optimize both throughput

and landing cost simultaneously in a short period of time.
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2 (Problem description)
,

,

,

. .

2.1 (Arrival time windows)
(

) . ,

.

ETi: i (earliest time of ar-

rival). LTi: i (latest time of

arrival). ETAi: i (estimated

time of arrival). STAi: i

(scheduled time of arrival).

[ETi, LTi].

2.2 FCFS (FCFS sequence)
FCFS ETA .

, FCFS

(1, 2, · · · , n). FCFS

.

2.3 (Maximum position shift)
MPS( k),

FCFS .

A1, A2, · · · , An, |Ai−i|�k.

2.4 (Time separation)

(

).

(FAA) (ICAO)

. ,

(ICAO)

,

1 . : H , L

, S .

1

Table 1 Minimum time separations s

H L S

H 94 114 167

L 74 74 138

S 74 74 98

2.5 (Parallel runway)
,

, . ,

. ,

(

). 40 s.

2.6 (Optimization objective)

.

: ETA , ETi < ETAi < LTi,

.
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.

:

max f1 = n/(STAAn − t0).

: STAAn , t0
, t0 0, ,

STAAn .

:

min f2 =
n∑

i=1

ci(STAi).

: ci(STAi) i STAi

; ci(·)
, ,

ci(STAi) 0(STAi = ETAi),

. ci(STAi) = |STAi − ETAi| .

2.7 (Multi-objective opti-

mization)
Pareto

[14], Perato

, . ,

,

. , .

, ,

Perato . ,

,
[15].

, (f1(xi), f2(xi))
Perato , Perato

, . [16]

Perato

, ,

. , Perato

, ,

. :

1) Perato ;

2) Perato ;

3)

,

w1/w2, w1 + w2 = 1, (w1, w2).

2.8 (Scheduling both landing and

departure aircrafts)
, .

,

, ,

ETi = ETAi LTi = +∞ .

ci(STAi) = STAi − ETAi,

.

3 (Algorithm and optimization)
, ,

,

. ,

1∼10 s [13],

4 s.

CPS , ,

,

.

3.1 CPS (Single-runway

CPS-dynamic algorithm)
,

.

,
[17].

[9].

,

, ,

.

CPS .

, 0 n

, m ,

, m

. MPS k , m ,

1∼m − k , m − k + 1 ∼
m m−k+1∼m+k k .

Dr Dionyssios A. Trivizas [9] , 2k

k , k

, Ck
2k(2k

k ).

,

.

Balakrishnan , 2k +
1 ( ) [13](

[10] ).

L/ε (L ,

ε ),

, O(n(2k + 1)2k+2L/ε).

, Balakrishnan

k ,
[10∼12],

[13]. , Balakrishnan

, 2k + 1
[12].

rs (r , s ),

r ,
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rs+1 , , , ,

1 ,

( ),

O(n(2k + 1)2k+2r2k+2Lr/εr).

.

3.2 CPS (Improved CPS-

dynamic algorithm)
, ,

. [9]

, ,

,

. Balakrishnan

, , ,

, ,

.

,

,

.

,

[9] ,

N r
T (NT , r ),

.

( ), r

, , .

, r ,

( 3.3 ), ,

. , ,

,

.

, k

, k (a1, · · · , ak)
, 0 � a1 < a2 < · · · <

ak � 2k − 1, m k

m + ai − k + 1, i = 1, · · · , k. 1 k = 2
. Ck

2k

0 ∼ Ck
2k − 1.

,

f [m][s][type1][type2] , m

, typei i

, s k ,

. , B =(bij),

bij 1 T1,0 +
i 2 T2,0 + j

, T1,0, T2,0 b0,0

.

1 (k = 2)

Fig. 1 Recurrence relation of aircraft nodes (k = 2)

, f [m][s][type1][type2],
am+1 1 2 ,

f [m][s′][type′]
[type2], f [m][s′][type1][type′].

s, am+1 ,

f [m][s][type1][type2] .

, bij 0 1,

.

, B ,

, 2 bij = 1 .

, f [m][s][type1][type2] 2 ,

2 (t1,i, t2,i) 1

t1,i 2 t2,i .

f [m][s][type1][type2] , ,

, w 2 t1,0 � t1,1 � · · · � t1,w

t2,0 � t2,1 � · · · � t2,w. ,

, (a, b) (b, a) ,

(t, t + δr − δmax) (t, t +
δr − δmax − a) (δr ,

δmax ,

, a > 0).

, bij

. , ,

(t1,i, t2,i, ci) .

( ,

), .

,

2 (t1,i, t2,i) , 2 + m (t1,i, t2,i, ai, bi,

ci, · · · )(m , ai, bi, ci ).

( ) .

, (t1,i, t2,i, ci, Ti) (

Ti ), Ti = n/(max{t1,i, t2,i} −
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t0)(t0 ), Ti ,

, (t1,i, t2,i, ci).

,

,

, ( )

, ,

. ,

(t1,i, t2,i, ci),

Ti, (ci, Ti) .

3.3 (Greedy method)

,

,

.

, ,

, .

, f [m][s][type1][type2]

(ti,1, ti,2, Costi), x 1 ,

t′1, ETAx > t′1, x t′1 ∼
ETAx , 1 m+1

( x ETAx

ETAx ,

). t′1 ∼ ETAx ,

3 , t′1, ETAx

(ETAx + t′1)/2 3 , 3

. ETAx � t′1 ,

t′1 . ,

, m = 1( 1 ) , ,

. 2 ,

. 2 2 1 (149,

100, 11)(L,L), ETA 170 S 2

, 159∼170 11 ,

159,164,170 3 .

2 ( : 4 s)

Fig. 2 Schematic of recurrence relation of a tree-element set (time unit: 4 s)

, ,

( 3 ) ,

, , ,

( ,

).

3.4 (Complexity of the final al-

gorithm)
,

3rCk
2k (r ),

L

ε
(
167−2×40

ε
)r−1 ,
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, r
L

ε
, ,

O(n22707rrCk
2kL

3/ε2r), Balakrishnan

O(n(2k+1)2k+2r2k+2Lr/εr),
(

). ,

,

100 ,

.

4 (Simulation and analysis)

, , 100

FCFS , 100

.

, :

4 s, 150 100 ,

(H, L, S) (0.3, 0.4, 0.3) (0.4, 0.5, 0.1).
,

P1 = (0.3, 0.4, 0.3), P2 = (0.4, 0.5, 0.1),

(0.3, 0.4, 0.3) , P1.

4.1 (Efficiency of greedy method)
,

2 3.

, .

2 DP

Table 2 Results of single-runway scheduling

between DP and DP/Greedy

/ms

30 DP 37.42% 1046.88

30 DP+ 37.33% 64.38

50 DP 50.14% 1732.5

50 DP+ 50.12% 84.53

70 DP 58.24% 3094.53

70 DP+ 58.19% 105.78

,

, .

, (

),

. , ,

,

, (ti,1, ti,2, Costi)
Costi .

3 DP

Table 3 Results of double-runway scheduling

between DP and DP/Greedy

/ms

10 DP 56.30% 10674.84

10 DP+ 55.69% 144.22

20 DP 58.43% 39004.06

20 DP+ 57.72% 492.03

4.2 (Scheduling for maximizing

throughput)

100 70 /

,

3. 70 k = 3
0.1 s.

, ,

. , k = 1, 2, 3
, ,

.

3

Fig. 3 Results of double-runway scheduling for

maximizing throughput

4.3 (Double-runway

scheduling for minimizing landing cost)

4.

100 ,

70 /h, P1 = (0.3, 0.4, 0.3). ,

, ,

FCFS , .

k = 1, 3 ,

.
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4

Table 4 Results of double-runway scheduling for

minimizing landing cost

k = 1 k = 3

/ms /ms

10 54.77% 33.28 55.69% 106.88

20 56.20% 37.03 57.72% 455

30 58.54% 43.43 60.86% 781.25

40 62.71% 58.12 65.75% 1086.72

50 66.78% 93.75 68.75% 1658.28

60 69.15% 117.35 70.62% 2090.47

70 69.49% 147.81 71.27% 2541.41

4.4 (Double-objective and

double-runway optimization)

4 k = 3 70 /h

70 100

P1 = (0.3, 0.4, 0.3) . ,

, ∗
, 5(

, ). 4 , Costi

, 4.1 .

4 k = 3 FCFS

Fig. 4 Results of double-objective optimization of a FCFS

sequence (k = 3)

,

100 , STAAn,DP/STAAn,FCFS

0.9 .

.

5 4

Table 5 Weights of convex points in Fig. 4

0.961 0.310 1.000 0.274 0.000 1.000

0.956 0.313 0.995 0.277 0.438 0.562

0.955 0.314 0.993 0.278 0.634 0.366

0.942 0.350 0.980 0.309 0.780 0.220

0.941 0.356 0.979 0.315 0.828 0.172

0.939 0.368 0.977 0.325 0.835 0.165

0.938 0.374 0.976 0.331 0.862 0.138

0.937 0.383 0.975 0.339 0.890 0.110

0.936 0.394 0.974 0.349 0.904 0.096

0.933 0.432 0.970 0.382 0.913 0.087

0.931 0.459 0.968 0.405 0.918 0.082

0.930 0.473 0.967 0.418 0.927 0.073

0.920 0.629 0.957 0.557 0.937 0.063

0.919 0.649 0.956 0.574 0.949 0.051

0.915 0.754 0.952 0.667 0.960 0.040

0.910 0.922 0.946 0.815 0.990 0.010

0.909 1.131 0.945 1.000 1.000 0.000

4.5 (Comparison be-

tween different objects)

FCFS 5.

: , (4 s);

6 ETA,FCFS

k = 1 k = 3
k = 1 k = 3

; H,L,S

,

STA; ETA ,

0 , 0

, 1 .

, , STA

ETA, FCFS

, . ,

, k = 1, 3
; , k = 1, 3
. 4.3 .
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5 FCFS ( 4)

Fig. 5 Optimization results of a FCFS sequence (the same as Fig.4)

4.6 (Scheduling both landing and

departure aircrafts)
6 k = 3 70 /h

70 100

P1 = (0.3, 0.4, 0.3) 50%

. ( 3)

( 4) ,

, ,

,

STAi � ETi = ETAi

.

6 (k = 3)

Table 6 Results of double-runway scheduling of

landing and departure aircrafts

STAAn

/ms /4 s /ms

10 41.40% 16.88 17.04 3.91

20 51.21% 35.16 29.43 10.62

30 57.18% 56.88 34.38 17.82

40 62.92% 87.66 42.59 25.00

50 67.33% 104.69 37.79 31.72

60 69.91% 126.25 39.02 42.19

70 74.48% 158.28 43.15 46.25

5 (Conclusion)
, CPS

, , ,

. ,

k , , ,

k = 1 k = 2, 3 ,

, 0.2 s,

.

,

3 3

4 .

(�3) , ,

, ,

,

.

(Princeton Uni-

versity) ,

.
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