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On permutation-based integrated scheduling for earth observing system
JIN Xiao-shan, LI Jun, WANG Jun, JING Ning

(College of Electronics Science and Engineering, National University of Defense Technology, Changsha Hunan 410073, China)

Abstract: The integrated scheduling for earth observing system deals with multiple imaging satellites and ground

stations simultaneously; it is a NP-hard oversubscribed scheduling problem involving lots of constraints. Permutation-

based methods are presented to solve this complicated optimization problem. First, the integrated scheduling is expressed

as permutation sequences, and a data-transfer-time-window preempted algorithm is put forward as the schedule builder,

which ensures the searching for optimal schedules. Next, a genetic stochastic search method is designed to search for

optimal permutations by using the permutation schedule builder and the stochastic neighborhood search algorithm with

memory. Finally, the computational results on several scheduling instances show that our method enhances the local search

ability for genetic search with an improvement-rate of 4.64%.
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1,

. :

1) s S1, S2, · · · , Ss. Si

〈Mi(t), Ei(t), T adv
i , T del

i , T slew
i , M shot

i , Eshut
i , Eshot

i ,

Eslew
i 〉. : Mi(t) t ,

Ei(t) t , T adv
i

, T del
i ,

T slew
i , M shot

i

, Eshut
i

, Eshot
i ,

Eslew
i .

2) g G1, G2, · · · , Gg. Gi

〈vi, T
gsa
i , T gst

i 〉. : vi , T gsa
i

, T gst
i . T gst

i

, T gsa
i .

3) n J1, J2, · · · , Jn. Ji

〈di, t
s
i, t

e
i , pi〉. : di ,

tsi tei ,

, pi .

4) Sj Ji 〈Ji, Sj,

tis
i,j, t

ie
i,j, agli,j〉. : tis

i,j tie
i,j

, tie
i,j − tis

i,j = di; agli,j
.

5) Si Gj k

Wi,j,k = 〈Si, Gj, k, tds
i,j,k, t

de
i,j,k,

ti,j,k〉. : 1 � k � Ki,j , Ki,j Si

Gj ; ,

, tds
i,j,k tde

i,j,k

; ti,j,k

, tds
i,j,k, T gsa

i , T gst
i

.

xi,j,k,l. xi,j,k,l =1 Sj

Ji , Gk Sj l

; xi,j,k,l = 0.

:

C1 .

:

∀ i, j, k, l : (tsi − tis
i,j)xi,j,k,l � 0;

(tie
i,j − tei)xi,j,k,l � 0.

C2 . F para
i,j , ∀ i, j, k, l, m,

i �= j, tis
i,m �= tis

j,m, F para
i,j = 0, FPara

i,j = 1.

:

F para
i,j (xi,m,k,l + xj,m,k,l) − 1 � 0.

C3 . F slew
i,j , ∀ i, j, k,

l, m, i �= j, tis
j,m > tis

i,m, tie
i,m + T adv

m + T del
m +

|agli,m|T slew
m + |aglj,m|T slew

m � tis
j,m, F slew

i,j = 0,

F slew
i,j = 1. ,

,

( 0◦, ):

F slew
i,j (xi,m,k,l + xj,m,k,l) − 1 � 0.

C4 .

:

∀ i, j, k, l : (M shot
j (tie

i,j − tis
i,j) − Mjt

is
i,j)xi,j,k,l � 0.

C5 .

, :

∀ i, j, k, l : [Eshut
j + Eshot

j (tie
i,j − tis

i,j) +

2|agli,j|Eslew
j − Ej(tis

i,j)]xi,j,k,l � 0.

:

C6 .

:

∀ i, j, k, l : (tsi − tj,k,l)xi,j,k,l � 0;

(tde
j,k,l − tei)xi,j,k,l � 0.

C7 .

, :

∀ j, k, l : tj,k,l +
n∑

i=1

dixi,j,k,l/vk − tde
j,k,l + tj,k,l � 0.

C8 .

, ,

.

∀ j, k, l, m; l �= m; tis
j,k,l � tis

j,k,m :

tj,k,l +
n∑

i=1

dixi,j,k,l/vk + T gst
k − tj,k,m � 0.

,

:

C9 . Ji

, :

∀ i :
∑
j

∑
k

∑
l

xi,j,k,l − 1 � 0.

C10 . Ji , Ji

:

∀ i, j, k, l : (tie
i,j − tj,k,l)xi,j,k,l � 0.
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,

C1∼C10 , :

max
n∑
i

s∑
j

g∑
k

Kj,k∑
l

xi,j,k,lpi. (⊗)

, :

,

, ( 2 );

( 3 ).

3 (Mapping

from permutation space to schedule space)

. ,

,

,

.

, Wi,j,k

idxwin
i,j,k, :

∀ i, i′, j, j′, k, k′ : k<k′⇒ idxwin
i,j,k < idxwin

i′,j′,k′ ;

∀ i, i′, j, j′, k : tds
i,j,k <tds

i′,j′,k⇒ idxwin
i,j,k < idxwin

i′,j′,k.

1 πk : πk = 〈ok,1, ok,2,

· · · , ok,n〉, , ok,i

ok,i πk i.

2 θ(πk) : θ(πk) = 〈〈ok,1,

satk,1, gsk,1, wink,1〉, 〈ok,2, satk,2, gsk,2, wink,2〉, · · · ,

〈ok,n, satk,n, gsk,n, wink,n〉〉, πk

. : satk,i � 0,

ok,i , satk,i = 0
; gsk,i, wink,i � 0, ok,i

, gsk,i = wink,i = 0 .

satk,igsk,iwink,i = 0 , satk,i = gsk,i = wink,i = 0,

0.

3 sk : sk = 〈〈ok,1, ˆsatk,1, ĝsk,1,

ŵink,1〉, 〈ok,2, ˆsatk,2, ĝsk,2, ŵink,2〉, · · · , 〈ok,n, ˆsatk,n,

ĝsk,n, ŵink,n〉〉, θ(πk) , :

ˆsatk,iĝsk,iŵink,i > 0, ˆsatk,j ĝsk,jŵink,j > 0 ,

i < j ⇒ idxwin
ˆsatk,i,ĝsk,i,ŵink,i

< idxwin
ˆsatk,j ,ĝsk,j ,ŵink,j

;

ˆsatk,iĝsk,iŵink,i = 0 ,

ˆsatk,j ĝsk,jŵink,j > 0 ⇒ j < i.

∀ i, j, i < j, ˆsatk,iĝsk,iŵink,i > 0 ,

〈 ˆsatk,j, ĝsk,j, ŵink,j〉 = 〈 ˆsatk,i, ĝsk,i, ŵink,i〉,
, sk .

,

,

.

,

. , ,

.

4 Λ(·):

, Λ(πk) → θ(πk).

5 fitness(·):

Λ(·) ,

, (⊗) .

6 :

d(θ(πi), θ(πj))=
n∑

k=1

n∑
l=1

differ(〈sati,k, gsi,k, wini,k〉,
〈satj,l, gsj,l, winj,l〉),

. oi,k =oj,l, sati,k

=satj,l, gsi,k =gsj,l, wini,k =winj,l ,

differ(〈sati,k, gsi,k, wini,k〉,〈satj,l, gsj,l, winj,l〉)=0;

differ(〈sati,k, gsi,k, wini,k〉,〈satj,l, gsj,l, winj,l〉)=1.

7 check(θ(πk)) :

θ(πk) , check(θ(πk)) = 1; ,

check(θ(πk)) = 0. ,

.

1 θ(π∗
k)

.

θ(π∗
k)

,

θ(π∗
k) = 〈〈o∗

k,1, sat∗k,1, gs∗k,1, win∗
k,1〉,

〈o∗
k,2, sat∗k,2, gs∗k,2, win∗

k,2〉, · · · ,

〈o∗
kn, sat∗k,n, gs∗k,n, win∗

k,n〉〉,
π∗

k = 〈o∗
k,1, o

∗
k,2, · · · , o∗

k,n〉.
〈sat∗k,i, gs∗k,i, win∗

k,i〉 o∗
k,j(j > i

〈sat∗k,j, gs∗k,j, win∗
k,j〉 �= 〈sat∗k,i, gs∗k,i, win∗

k,i〉),

sat∗k,j = sat∗k,i, gs∗k,j = gs∗k,i, win∗
k,j = win∗

k,i,

.

, .

sat∗k,j = gs∗k,j = win∗
k,j = 0,

, ,

sat∗k,j > 0, gs∗k,j > 0, win∗
k,j > 0. ,

〈sat∗k,i, gs∗k,i, win∗
k,i〉 j > i

, .

,

θ(π∗
k) . .
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1 .

,

.

,
[1,7] .

( 1),

.

, ,

,

:

1 : πh; : θ(πh).

for i = 1 ← s

for j = 1 ← g

for k = 1 ← ki,j

ti,j,k = tds
i,j,k + T gsa

k //

for i = 1 ← n

let sath,i = 0, gsh,i = 0, winh,i = 0 //

for k=1←max(Ki,j) //

for each i, j in idxwin
i,j,k // idxwin

i,j,k

for l = 1 ← n

if (sath,l =gsh,l =winh,l =0) //

let sath,l = i, gsh,l =j, winh,l =k //

if (check(θ(πh)) == 0) //

let sath,l = 0, gsh,l = 0, winh,l = 0 //

else

for each Wi′,j,k′ �= Wi,j,k

if (tds
i′,j,k′�tds

i,j,k, t
ds
i′,j,k′<tde

i,j,k)
let ti′,j,k′ = max(ti′,j,k′ , ti,j,k+

n∑
m=1

vjdoh,m|sath,m=i,gsh,m=j,winh,m=k
)

θ(πh).

1 ,

,

,

.

2 ,

.

,

,

. .

3

.

sk = 〈〈ok,1, ˆsatk,1, ĝsk,1, ŵink,1〉,
〈ok,2, ˆsatk,2, ĝsk,2, ŵink,2〉, · · · ,

〈ok,n, ˆsatk,n, ĝsk,n, ŵink,n〉〉,
,

,

ˆsatk,i > 0, ĝsk,i > 0, ŵink,i > 0 ,

idxwin
ˆsatk,i,ĝsk,i,ŵink,i

, ˆsatk,i =

ĝsk,i = ŵink,i = 0 ,

πk = 〈o′
k,1, o′

k,2, · · · , o′
k,n〉.

πk

s′k = 〈〈o′
k,1,

ˆsat′k,1, ĝs′k,1,
ˆwin′

k,1〉,
〈o′

k,2,
ˆsat′k,2, ĝs′k,2,

ˆwin′
k,2〉, · · · ,

〈o′
k,n, ˆsat′k,n, ĝs′k,n, ˆwin′

k,n〉〉.
πk

θ(πk) = 〈〈o′
k,1, satk,1, gsk,1, wink,1〉,

〈o′
k,2, satk,2, gsk,2, wink,2〉, · · · ,

〈o′
k,n, satk,n, gsk,n, wink,n〉〉.

,

o′
k,i

, : ˆsat′k,i >0, ĝs′k,i >0, ˆwin′
k,i >

0 , satk,i > 0, gsk,i > 0, wink,i > 0,

idxwin
ˆsat′k,i,ĝs′k,i, ˆwin′

k,i
� idxwin

satk,i,gsk,i,wink,i
. s′k

, satk,i > 0, gsk,i > 0 wink,i > 0 ,

ˆsat′k,i >0, ĝs′k,i >0 ˆwin′
k,i >0,

idxwin
ˆsat′k,i,ĝs′k,i, ˆwin′

k,i
� idxwin

satk,i,gsk,i,wink,i
.

, satk,i > 0, gsk,i > 0 wink,i > 0 ⇔
ˆsat′k,i > 0, ĝs′k,i > 0 ˆwin′

k,i > 0, satk,i =
gsk,i = wink,i = 0 ⇔ ˆsat′k,i = ĝs′k,i = ˆwin′

k,i = 0,

idxwin
satk,i,gsk,i,wink,i

= idxwin
ˆsat′k,i,ĝs′k,i, ˆwin′

k,i
.

∀ i,

〈satk,i, gsk,i, wink,i〉 = 〈 ˆsat′k,i, ĝs′k,i,
ˆwin′

k,i〉,

. .
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1
Λ(·),

S .

,

. , ,

,

. 2 3 ,

Λ(·),

. .

1
,

, ,

.

4 (Search optimal permutations)
4.1 (Neighborhood search method)

π π′ n , π(k) π

k , [9]:

1) π′ π i j , π′ =

swap(π, i, j), π′(k) =

⎧⎪⎨
⎪⎩

π(k), k �= i, k �= j,

π(j), k = i,

π(i), k = j.

swap(π, i, j) = swap(π, j, i), π

(n2 − n)/2 .

2) π′ π i j ,

π′ = insert(π, i, j),

a)

i < j : π′(k) =

⎧⎪⎨
⎪⎩

π(k), k < i k > j,

π(k + 1), i � k < j,

π(i), k = j;

b)

i > j : π′(k) =

⎧⎪⎨
⎪⎩

π(k), k < j k > i,

π(k − 1), j < k � i,

π(i), k = j.

insert(π, i, i + 1) = insert(π, i + 1, i),

π (n − 1)2 .

O(n2) .

[11]: (best

neighborhood search, BNS),

; (fastest neigh-

borhood search, FNS), ,

.

O(n2) ,

n ,

.

(stochastic neighborhood search,

SNS) .

,

.

(stochastic neighborhood search

with memory, MSNS) ( 2),

,

, . MSNS :

2 : π0,

maxStep; : π0 .

π1 = π0, π1 N(πk), πk

NSH = ∅.

for k = 1 ← maxStep

π′
k ← Randomselect(N(πk)\NSH)

// N(πk)\NSH
if (fitness(π′

k) � fitness (πk))//

πk ← π′
k, NSH ← ∅

else NSH ← NSH ∪ {π′
k}//

πk.

MSNS ,

,

, .

4.2 (Genetic al-

gorithm based on MSNS)
.

,

.

, .

, 3–—

(genetic stochastic search algorithm,

GSSA),

.

Whitley[12]

, :

3 : outStep,

innerStep; : π∗.

Π1 = ∅, fitness(π∗) = −∞, fitness(π#) = +∞,

while (i = 1 � P ) //

FLAG1: π ←RandomPermutation(n) //
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πi ← MSNS(π, innerStep) // MSNS π

if (∃ πj ∈ Π1, d(θ(πi), θ(πj)) == 0)
go to FLAG1 // ,

Π1 = Π1 ∪ {πi}// ,

if (fitness(π∗) <fitness(πi))

π∗ ← πi//

if (fitness(π#) <fitness(πi))

π# ← πi//

i = i + 1//

for k = 1 ←outerStep//

FLAG2: πα, πβ ←RankBasedSelection(Πk)//

Rank

if (rnd( ) � Pc)
πc←Crossover(πα, πβ)// Pc

if (rnd( ) � Pm)

π′
c ←Mutation(πc)// Pm

π′′
c ← MSNS (π′

c, innerStep)// MSNS

πc

if (∃ πi ∈ Πk, d(θ(πi), θ(π′′
c )) == 0)

go to FLAG2 // ,

Πk ← Πk \ {π∗, π#}// Πk π∗ π#

if (fitness(π′′
c ) < fitness(π∗))

π∗ ← π′′
c //

if (fitness(π′′
c ) > fitness(π#))

π# ← π′′
c //

Πk ← Πk ∪ {π∗, π#}//

π∗.

, [13],

. ,

GSSA MSNS .

5 (Experiments)
5 (

) 5 ( , ).

45◦,

5◦. 2

TLE (two-line element)

. 1∼3 .

( 95 min, 63.3%

). 24 h. 4

(P404, P820, P1251, P1575), 404, 820,

1251 1575 .

1∼3 ,

, ;

( (⊗), ).

. : 2.0 GHz

CPU+2048 MB . C .

,

(FNS) (SNS)

, 104 .

/

. 1. 1 : Σ̄ ,

T̄ .

1

Table 1 Neighborhood search results

P404 P820 P1215 P1576

Σ̄ T̄ /s Σ̄ T̄ /s Σ̄ T̄ /s Σ̄ T̄ /s

FNS — — 237.00 48.26 351.90 184.02 393.60 399.11 406.30 633.72

247.00 53.83 402.70 191.23 460.60 407.88 484.10 654.25

SNS 243.70 52.87 378.90 185.39 435.70 405.39 451.40 638.28

248.00 53.52 403.70 190.15 463.00 407.86 489.40 665.31

244.30 52.68 384.10 185.84 433.20 399.23 452.30 632.63

FNS — — 227.10 53.18 337.60 184.34 376.10 403.65 381.80 629.37

247.50 52.98 402.30 185.69 461.70 409.18 485.10 652.69

242.10 53.50 378.90 181.80 435.90 400.63 455.00 630.60

SNS 247.80 52.36 403.00 187.50 462.60 406.69 484.50 658.27

243.60 53.26 381.40 188.04 436.40 402.56 444.70 630.73
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1 ,

.

.

, ,

;

, .

, .

,

. Barbulescu AFSCN
[7] , .

, 0.01, 0.1 1.0, 100,

105.

1 .

1

Fig. 1 GA’s evolutionary curve at different mutation rate

1 ,

, .

. ,

,

. ,

N , L, pm,

1 − (1 − pm)L.

N = 100, L = 200, pm = 0.01

, 86.6% ; L = 1000 ,

99.99% .

1.0 .

, ,

, 1

.

,

.

(GA) 105,

(GSSA) 103,

102( GA GSSA

). GA

, 1.0, GSSA

.

(100) , GSSA GA .

2. 2 Σ̄ ,

σ , T̄ .

2
, 4 4.64%,

. , GA

9.21, GSSA 2.45, GSSA

.
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2 GSSA GA

Table 2 Computational results of GSSA and GA

GA GSSA GSSA−GA
GA

Σ̄ σ T̄ /s Σ̄ σ T̄ /s Σ̄ T̄

P404 244.88 1.25 552.51 248.00 0.00 553.19 0.94% 0.12%

P820 388.80 9.96 1755.07 407.80 2.28 1922.50 4.89% 9.54%

P1215 445.80 11.69 4143.11 472.60 3.21 4265.34 6.01% 2.95%

P1575 463.75 13.96 6200.71 495.00 4.32 6697.61 6.74% 8.01%

9.21 2.45 4.64% 5.16%

6 (Conclusion)

, :

1)

,

;

,

.

2) ,

.

3) ,

,

.

4)

,

.

5)

,

, .

,

.
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