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NP-Hard
Ryan and Day 1997 [17]
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1.2

1 Flight Schedule Design
Flight Leg

2 Fleet Assignment
3 Aircraft Maintenance Routing
4 Crew Scheduling

a Crew Pairing

b Crew Assignment

Chief Pilot Instructor
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First Officer Second Officer

Flight Engineering

C Crew Recovery
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Step 1
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Step 4 Step 2
Pilot-by-Pilot [14,7]
Moore et a. 1978, Byrne
1988
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Antosik 1978
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Problem
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A
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0
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=1,.....t

Branch and

[23,25]



Branch-and-Bound Method

22

2.2

(Node Selection)

Best-Bound Search

Depth-First Search Breadth-First
Search Random Search
X1 =0 X1 =1
Branch X1
Bound
Fathoming L 2. 3.
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2 Branch-and-Cut Method
Young 1968
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Dual Theory

LP
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Simplex
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1999 [9]
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path
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C3 x 41° 03.54x10%

[23,25]
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Constraint Programming CP

Computer Science Artificial Intelligence
Al Brailsford [5]
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CSP

Constraint Satisfaction Problem CSP

variables constraints
X={x1,x2,....xn }
D={D1,D2,...,Dn} C={cl,c2,...,.cm}
[9] n m
CSP
CX,D
CSP
1. CSP X1,X2,--,Xn
X={X1,X2,...,Xn}
2. CSP di,d2,...,dk
Di={ di,d2,...,dk }
D={D1,D2,...,Dn}
3. CsP CSP
arity CsP
binary constraint
Xi Di
di

{ d1,d2,...,dn } Brailsford[5] CSP

1. CSP

2. CSP

3. CSP
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Node Consistency
Arc Consistency Bounds Consistency
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Arc Consistency 2.2
@ x1l x2 {1,2345 {1,2,3,4,5}
x1 X2 x1<x2-2 (b) <x1,x2>
x1 x1 3 45
<x1,X2> arc consistency x1 {1,2}
(©) <x2,x1> X2 X2
1 2 3 X2 x1 x2 {1,2}
{4,5} <x1,x2> <x2,x1> arc consistent
X1 X2
O O
{1.2,3,4,5} ( a) {1,2,3,4,5}
X1 X1<X2-2 Xz
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®, O
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Forward Checking MAC
MAC
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partial solution
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2.3 24 25
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2 Forward Checking

Haralick  Elliott 1980 [12]
partial solution
Q
Q
Q Q
Q
Q
Q Q
X
Q Q
Q
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X
Q
Q
Q
Q
Vv
2.4 —  4-queens

24



MAC Maintaining Arc Consistency

MAC Sabin Freuder 1994
MAC
MAC
MAC MAC
1
1
2
Q 2
Q
< X1 D] |
21
X
Q
Q
Q
Q
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Q
DX Q|
Q
V4
25 MAC —  4-queens
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Variable Ordering

CSP X1 x2 x3... Xn
Brailsford [5]

Deterministic

Hardlick  Elliott[12]
CSP

fail-first principle
Vaue Ordering

CSP
deadend backtracking

succeed-first principle
CSP
CsP

26



CSP
CSsP

consistency

Brailsford  [5]
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MAC
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arc
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FCY
3.1

747-400 19 12
747-SP 13 8 20~50 1
51~100 2
747-200 16 11 101150 3
s o 151~200 4
MD-11 201~250 5
251~300 6

A300-600R 12 7
301~350 7
A300-B4 12 7 351~400 8
401~450 9

737-400 5 4
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A
32625
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17625
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31
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3.2

33 34 35 252

C
1
TAFB
1
60
140
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3
1
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o &~ WD
0

32

C
45
12 00 17 00
20
24
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70

190

33

68
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3.3

Block Hour
Dead Head Time Time Away from Base

Take Off and Landing

Block Hour BH

-Block Hour
BH=1.1*(Fly Hour) -BH

Flight Legs FL
C 4

Time Away From Base TAFB
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1200
124
30
CSP
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MaxFL
MaxTAFB
MaxWD=Min{ ,25
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4.1

CP

38

OPL
CsP

MP Formulation
B



Optimization Constraint Satisfaction
MP formulation CP formulation
Min Z=C(X)
st.
AX=B
Cplex Solver
Mathematica Scheduler

LINGO CHIP

if large scae

\j

X* X

if large scale

4.1

39



4.2

CSP

4.2

CSP

A

4.2

CSP
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421

XY Z
X X X[Pairing]
Pairing X
Y
Y[Crew,Day] Y
Crew Day 31 30
Z TAFB BH
FL WD Z[Crew,4] Crew X 4
1 2 3 4 TAFB BH FL WD
Z 0~M
X[Pairing] 1456 1 169
Y [Crew,Day] 5239 0 1457
X
Z[Crew 4] TAFB BH FL 676 0 M
WD x4
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X[Pairing]

184

X[Pairing]
Pairing 0 dummy 1
C 2~183
182 X[2]~X[183] 184~1457
1274
[
]
4.1
Dummy 0
1
2 10
(182 )

183 63

184 S0

185 33

1274
1457 50
X[Pairing] [184]=50
50
184~1457 0 dummy

2~183

42

4.1



Y[Crew,Day]

43

Y [Crew,Day] Y
X[Pairing] Y [Crew,Day]
Pairing i ] ] Paring
[ Pairing i ] Pairing
1 Pairing 4.2
4.2
1 2 3 4 5 6 | e, 30 | 31
1 3 0 1 |17 0 0 | o, 0] o0
2 0 0 |150| O 0 1 | e, 0O
3 160 | O 0 0 0 1 0] o0
4 0 0 0 0 0 0 0| 4
168 182 | 1 0 0 45 1 | e, 0|0
169 0 0 0 [1897 | 0O 0 0O
m( X,y) n n
m y 1 ’ pairing160 1
6 160 3 3
160 6 1
3
3 4
31 1
189 169 169
4 189




Z[Crew,4]

Z
TAFB
L ( |TAFB . — TAFB |
_ i * 100 %
TAFB = Z[ TAFB °J
N
43
TAFB | BH FL wbD
1 5500 | 4000 13 15
2
169
Z[Crew,4]
5500 4000
13 15



4.2.2

CSP
Pairing 44
4.5
<crew,id,startDate,endDate,BH, TAFB,FL ,DN> [
Pairing endDate — startDate + 1
]
Trip
crew id startDate | endDate BH TAFB FL DN
Pairing
1 crew O
2. id
Trip id C
- - Pairing id 3145
id 2~12
3. dartDate Pairing
4. endDate
Pairing
Pairing 31
5. BH TAFB FL
31 12:00 BH
TAFB FL
6. DN 1 0
Z[Crew,4]
acc[Crew,4] Z
acc[Crew,4]
Piring

45




4.4

Pairing Trip
i crew id stardtDate| endDate BH TAFB FL DN
2 142 11 1 14 0 0 0 0
3 31 11 1 10 0 0 0 0
4 116 11 1 6 0 0 0 0
5 116 10 14 14 0 0 0 0
6 116 3 27 29 0 0 0 0
1. 2<i<183 182
crew 0
2. BH TAFB FL 0
acc[Crew,4] TAFB BH FL WD
45
Pairing Trip
i crew id StartDate| endDate BH TAFB FL DN
184 0 3083 14 26 1830 16820 4 1
185 0 3083 7 19 1830 16820 4 1
186 0 3083 21 31 1325 14815 3 1
187 0 3082 24 31 990 10385 2 1
188 0 3061 19 25 1325 8970 4 0
189 0 3061 12 18 1325 8970 4 0
1. 184<i<1458 crew 0
2. Pairing id 188 189
3. 3088 13
186 187 31
31 30 28

46




CSsP

4.6 4.7
MaxTAFB MaxFL MaxWD
ave TAFB 6400 toTAFB 30
MaxTAFB 6400* (1+30%)=8320
4.6
ave TAFB TAFB
ave FL FL
ave WD WD
toTAFB TAFB
toBH BH
toFL FL
towD WD
MaxTAFB TAFB ave TAFB(1+toTAFB%)
MaxFL FL ave FL(1+toFL%)
MaxWD WD Min{25 ,ave WD(1+toWD%)}
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4.7

nbCrew

nbPairing

dummy

T

S

M

FL WD

48

acc[Crew,4]
TAFB BH




4.2.3

CSP

Varible Ordering
Ordering
value ordering

1 Varible Ordering

X[Pairing]

overlap

backtrack

2 Vaue Ordering

49

Vaue
varible ordering

X[Pairing]

Y[Crew,Day] Z[Crew,4]

overlap

value ordering



CsP
+30%

4.8

CSsP

283

328

542

121

50
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424

OPL
CSP
CSP
overlap
CSP 4.9
4.9 CSP
XY
XY
MaxFL ave FL toFL
MaxTAFB ave TAFB toTAFB
MaxWD=Min{ave WD toWD,25 }
3
overlap overlap
TAFB
BH FL WD

51




OPL CSP

|
Pairingj] <crew> 0 j
crew crew J Pairing[j].id
] 1 [ Pairing[j].id Pairing j <id> ]
forall(j in Pairing: pairing[j].skel<>0 & j<=T)
Y[pairing[j].skel,pairing[j].startDate]= pairing[j].id & X[j]=pairing[j].skel;
forall(j in Pairing: pairing[j].skel<>0 & j>T)
Y [pairing[j].skel,pairing[j].startDate]=] & X[j]=pairing[j].skel;
forall(j in Pairing: pairing[j].skel<>0 & pairing[j].startDate<>pairing[j].endDate)
Y [pairing[j].skel ,pairing[j].endDate]= 1;
| |
S Pairing i Crew
j Crew i [ 1

forall(i in Pairing:i>=S ,j in Crew)
X[i]5j => Y]j,pairing[i].startDate]=i ;

forall(i in Pairing: i>S & pairing[i].startDate<>pairing[i].endDate, j in Crew )
X[i]=] => Y]j,pairing[i].endDate]=1 ;

m overlap Paring

Pairing i > Pairing j overlap

Pairing I ] [l v

forall(p in Crew, ordered i,j in Pairing:i>1 & j>S & pairing[i].startDate <
pairing[j].endDate & pairing[i].endDate > pairing[j].startDate)

X[i]=p => X[j]<>p;

52



foral(i in Paring: i>183 & pairing[i].endDate<31 & pairing[i].endDate-
pairing[i].startDate >1, j in Crew )
X[i]=) => Y[j,pairing[i].endDate+1]=1 ;

foral(i in Paring: i>183 & pairing[i].endDate<30 & pairing[i].endDate-
pairing[i].startDate >3 , j in Crew )
X[i]=j => Y[j,pairing[i].endDate+2]=1 ;

TAFB
CP [
Pairing | pairing[j]. TAFB TAFB
accli,1] MaxTAFB
TAFB acc[i,1]
TAFB
TAFB MaxTAFB a[i,1]

forall(i in Crew:acc[i,1]]<MaxTAFB)
sum(j in Pairing:j>S) pairing[j]. TAFB* (X[j]=i)+acc[i,1] <=MaxTAFB;

forall(i in Crew, j in Pairing:j>S)
acc[i,1]>MaxTAFB => X[j]<>i;

FL

[ Pairing |
pairing[j].FL FL acc[i,3]
MaxFL acc|i,3] MaxFL

forall(i in Crew:acc|i,3]<MaxFL)
sum(j in Pairing:j>S) pairing[j].FL* (X[j]=i)+acc[i,3] <=MaxFL;

forall(i in Crew, j in Pairing:j>S)
accli,3]>MaxFL => X[j]<>I;
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WD

i Pairing |
pairing[j].WD WD accli,4]
MaxWD MaxWD C

6 25 MaxWD

Min{25 ,ave WD(1+toBH%)}

foral(i in Crew:acc[i,4]<MaxWD)

sum(j in Pairing:j>S) (pairing[j].endDate-pairing[j].startDate+1)* (X[j]=i)+acc|i,4]
<=MaxWD;

forall(i in Crew, j in Pairing:j>S)

accli,4]>MaxWD => X[j]<>i;

[ Pairing |
pairing[j].DN
M
foral(i in Crew)
sum(j in Pairing:j>S) pairing[j].DN* (X[j]=1) <=M ;
Trip
<id> Trip Pairing
I Pairing ] Pairing i p Pairing j p

foral(pin Crew, ordered i,j in Pairing:i>S & j>S & pairing[i].id=pairing[j].id)
X[i]=p => X[j]<>p;
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TAFB BH FL WD 4

IITAFB
foral(i in Crew)
Z[i,2]= sum(j in Pairing) pairing[j]. TAFB* (X[j]=i) +acc[i ,1] ;

//IBH
forall(i in Crew)
Z[i,1]= sum(j in Pairing) pairing[j].BH* (X[j]=1) +acc[ i ,2];

IIFL
foral(i in Crew)
Z[i,3]= sum(j in Pairing) pairing[j].FL* (X[j]=i) +acc]i ,3];

/WD
forall(i in Crew)
Z[i,4]= sum(j in Pairing) (pairing[j].endDate - pairing[j].startDate)* (X[j]=i) +acc[ i ,4] ;

60

search{
foral(i in Pairing:i>S)
tryall(j in Crew ordered by increasing dmin(Z[j,2]))
X[i]=;

b
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[25] C 2001
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5.1
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C 2001 12
169
1274
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1
C
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5.2
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52C
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512

< T

[28]

51

OPL Studio3.0

30%

Windows 2000

57

1.6G Hz

TAFB FL WD




PHASE 1

PHASE 2

30%

PHASE 3

30%

PHASE 4

5.1
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3 283

53 3
TAFB FL WD
53
nbCrew 169
nbPairing 183+283=466
S 183
M 1
MaxTAFB |TAFB
MaxFL FL
MaxWD WD
OPL Studio 138 sec
2
2
54 2

nbCrew 169
nbPairing 466+328 794
S 466
M 1
MaxTAFB |TAFB 16160
MaxFL FL 15
MaxWD WD 12
OPL Studio 259 sec
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1
551
nbCrew 169
nbPairing 794+542=1336
S 794
M 1
MaxTAFB [TAFB 18250
MaxFL FL 22
MaxWD WD 16
OPL Studio 582 sec
5.6
nbCrew 169
nbPairing 1336+121=1457
S 1336
M 1
MaxTAFB |TAFB -
MaxFL FL _
MaxWD WD -
OPL Studio 215 sec
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5.2

TAFB
BH FL DO WD
o n ‘TAFB”. -TAFB FL; -FL BH,; -BH DO -DO
W+ IXW o IXW XWX X,
:21:; TaFB S BH b Do d |7
X; j i 1 0
2002 C
Wt=7,Wf=7,Wb=9,Wd=8
DO WD DO
31 6 WD DO
5.7
TAFB BH FL DO
C 956.20 216.00 112.82 234.01 393.14
717.00 109.32 58.93 133.60 415.14
25.02% 49.44% 47.77% 42.91% -5.60%
604.96 157.86 88.79 182.00 176.31
36.73% 26.98% 21.30% 22.23% 55.15%
36.7% TAFB BH FL WD
TAFB BH FL
20%
DO WD
TAFB FL WD TAFB BH

FL WD
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TAFB BH FL WD
n
o (| TAFB , - TAFB |, J
i 100 %
TAFB = ) TAFB
N
s [ 1BH - BH |*100%J
BH = =1
N
(| FL, - FL |,
_ 7= ™ 1w 100 %
N i %[
N
" (WD, -WD |,
_ i 100 %
WD = 2 [ D
N
5.8
TAFB BH FL WD
C 18% 7% 20% 29%
13% 6% 15% 9%
5% 1% 5% 20%
C
TAFB
FL WD 30 C
BH 6 1%
C
2836917 2854706 0.6%
C TAFB BH FL WD
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5.3

TAFB FL WD

30
40 20
3 14
2
1 20 40 TAFB FL WD
20 2
20
30 1 20
5.10
1. BH
TAFB FL WD
BH
BH
2.
TAFB FL WD
+40 671

956 717
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20
20 30 40
TAFB | BH FL | wD (s0)
20% 1% | 6% | 14% | 6% 637 459.34
30% 13% | 6% | 15% | 9% 603 604.96
40% 16% | 4% 16% | 18% 505 670.57
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