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Abstract

Long-term demand for rail traffic worldwide is expected to expand increasingly
leading to capacity constraints. Although both infrastructure investment and
operational changes can relieve congestion, careful consideration of how operational
practices can affect or mitigate demand is critical for cost-effective planning of new
capacity, especially considering the high cost to build and maintain infrastructure. A
critical aspect of capacity management is to understand the effect of heterogeneous
traffic on capacity. Greater heterogeneity on a line increases interference between
trains and creates more delay than if all trains have similar characteristics.

In this research, we take into account the impact of heterogeneity and present a
new optimization framework to identify the optimal train network routing. We also
implement Lagrangian Relaxation with Subgradient optimization method to solve this
problem efficiently. Computational results show the use of this tool can successfully
reduce operational costs by 3 to 5 %. This tool will help service design managers on

traffic routing and capacity utilization.

Keyword: Train Routing, Heterogeneous Traffic, Capacity Utilization, Decision

Support, Lagrangian Relaxation
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XA i FE o L
i BT R RER
LB E R 1. % % P BLE (5 e R I L 2
(Track outage)
e e n o g 2. 5] B i 7 L]
2. PIMEFIREHZ - R |2 2. LiapFig i R g R P
(Slow order)
3. 58 R BE 3JEFSERE R 3.7 8 ff i 5
4. R~ AFRE G RERE ] 458 g 0T 4. B EH R AL
5. BR B e gk 5. %] % 5.7 F & 250
6. 718 & 6.FE®FER

/;J—- o

m

Brhd N3 A A E A

TR kR - Krueger, 1999; 483& = & £, 2005; Abril et al.,2007
BeaiEit e Zip el ~ RRIER - RIMER A RRFEE. B E
2 PR R G hiE > e d B fhe S
SRR S s T SR TN B o4 2 3 0 - BT B i)
CHETERFPFEHR  REAEBEDOFEFISSEFFF E4]AR (moving block

system) > fic & F o fBAE O E B kS0 Who L B E R

€7

£

BRI PHEER? APFLAERFET S

2005) o

AR/ S SO i R
R HE
* g B 4R fgo TPt R FUG Y sad

B

MALEFEFZFFS - a gEFZF Y o

(Dingler, 2009) -

b B12-24c B12-3 477

BRFES

S AR
(intermodal train) ~
ZiE7| 8 (passenger train) o F] 5 w f& 7

E4
4

A

P ERL FOERESND G MPE R E o

13

2 F_ATO

- A AAHK TR - ALY
F R B BSUR R LR FR i
BEL R FEY RRY -

B o )0

(unit coal train) ~ 2 & & 7| &

B2 ERA-

£
9

{ I;%%El_ *%r;upw.

BHEFE (AR FE L

@EH R o AA#H
BAFEELRIT £
ﬁlﬁ /:2 vL EE ’

X L
(manifest train){r

ﬁgu fﬁri‘\ ’



TP ropMEAER  BA gz -

Destination 4 i
()}

@ !

2 !

S :

R |

A :

Origin =

R T B T
()]
Q
=
= :
© :
0 E
~ i
Origin =’

Time

F12-3 %2 7023 &3 FIE0 PP 5 22 6
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o £ 2-35 5IJ.§' 2 %‘ﬁ"f’i“ﬁ RT3 43 :?\ & 3 4‘:,)5‘“ EALE Iﬁ-j[, Jllg,‘}i‘f_ (pI'lOI'lty) o
SR A B SR s 4o 8 288 EEV 3k B 4 (horsepower to tonnage
ratio, HPT) » 4% % 1 HPT RIZ| & 2 4o A% P- > & 277 R o iRAEER & F 7|

BARPEAER > ARG PR ERE 7P E R e BAR S 0 B Bk 2 E 4

B %]%f‘%;lﬁkbi\ﬁf% FL I RBLBALE FIL I FEE
BEpE R RFERD 180 3 A RAFE BF @%%ﬁ% i i
PR  pREIEFHEFFARAIBARALEES > €18 EPEAR 5 =0 A

(pass) ~ # A2 @ (overtaken) ~ 12 %2 ¢ & (meet) =T #c> Em % MHE T T i iF
R P R IR ST A e R R TR G BB
R RARR TS RSP E -

%23 MEBErAE Y A)E A AT

Intermodal Manifest Unit Passenger
90 cars 70 cars 115 cars 10 coaches
6,300 ft 4,550 ft 6,325 ft 850 feet

8,100 tons 7,700 tons 16,445 tons 610 tons

2.12 HP/Trailing Ton 1.12 HP/Trailing Ton 0.78 HP/Trailing Ton  6.96 HP/Trailing Ton
4 SD70 4,300 HP 2 SD70 4,300 HP 3SD704,300 HP 1 P42-DC 4,250 HP

Locomotives Locomotives Locomotives Locomotive
Prority: 2rd Prority: 3th Prority: 4th Prority: 1st
Maximum Speed: Maximum Speed: Maximum Speed: Maximum Speed:
70 mph 60 mph 50 mph 79 mph

SR e 0 ST BT 0 M0 YRR dok
o

N

1 BRI R % (W1-1) 0 % L8 9 )
7| @ ﬂ ?ﬁ‘]"} ’ lg el P ﬁ‘blﬁ F’k’ -GN ,:% XLif gk o ] gL l}i_ﬁ?’zlj—é' &%"?5—(-;1‘};]

T 7 é‘i‘-%ﬂ* PEFY RZER TG o
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23. % AF &int B AL

5 of &in® B A (Multi-Commodity Flow Problem, MCF Problem) &_% f& 73
i d 2 PACEBENE A R Ig BRI BT AE 0 SRR T AR TR ) T
F AP R RS- A A AT A w AR AL TS ]2

Be AT % 8 1B e R o Ahuja E 4 (1993) #30 5 AT RR e AT IF T &

E
Min " > cix)
(i, )yed keK (2-1)
S.1.
d, ifies,
D X — Dxy=e-dg ifiey 2-2)
onos O P
k .
le./. <u; V(@,j)ed (2-3)
keK
x; 20 V(@,j)eAd (2-4)
He
Y DEL g o
* N DR e B B4 o
. 4 DR T BB B b
UGN A) i BN AR A G s o
e K CRERA KR RAAEL RS o
.« o $kAH S BB )2 d A o
s B kAR & BB



. d E¥3 T ESSEN S RN 2 NC LR

. Ujj BEG)2. 5 E o
ij J)Z

SRR (2-1) B BRSO ET ASTECL M EEE A SRS (22) FinE

N

FERFIF S 2 AR (2-3) AREFEUIS A (24) iR E Rikr Kk

2245RTRFAFY F A AFEAEFEARY bl i AR EA R

£
o3
»
AN
&
==
7
=\
AN
TR
T
i
(»x
e
&
gL
= .
(:;4
%’93 &
&
Ar
N
:3?
‘E‘R
;
¢
=
5
w2
)
()]
&

Type of Network Nodes Arcs Flow
Communication O-D pairs for messages Transmission Message routin
Networks P 9 lines 9 9

Transmission

Computer Networks Computers lines Data or Messages
Distribution Networks Plants warehouses H.|ghways or Trucks or Trains
railway tracks
Railway Networks Yard and Junction points. Tracks Trains

T KR - Ahuja & 4, 1993

BABELEEAR R o R Y DR A e A A B RRY TR AR
HEOPE > FRSRETERSAFFE LY D i ) Bt R ) o IR
Bl P B BRI S AR SRR R SRR D G
ﬁwwﬁm&#?ﬁﬂkzxnnmwkﬁﬁﬁzi “pE g R TIE R 2
i k2 P B A VAL HEIE F R A R e s L R T B 1

A~ o
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Ahuja (1993) # * Lagrangian Relaxation » Column Generation Approach ~
Dantzig-Wolfe Decomposition FfZ A 4] 3 A% & n P4 o 1T @ HE WP &= f8

+ Lagrangian Relaxation @ }* & 2 #£4 A3 # "f LA o B “% 2_ 'V
Ao R e~ P AR KGR o e R R R AR S A P RS
BT 2T TR RSB HBITS i MR Y O HBFEZ P RS EE
5 RBAE2 T fE o ¥t Lagrangian FAE S G 3 F B G AT kB @ B AT
< bR 4Ee - A * S H A2 (Subgradient optimization method) 2 it ) 3k #k
? $riE| H0F A 1§ (step size)  Bofs & UiRfeT SR BT F 3 T acdt iR
Fiz o

+ Column Generation Approach @ j* = ;2 P A #- R 4o P REH > 2 R4 2L

)

Mg RS e NBRETT (NZ- ] MF#)ya 2 (M-N) @
% BAR 1T 25 2L K % Bk (non-basic variables) o it B4R 3EALZ 5 3 B AL (master
problem) > ¥ ¥ g M i & #cen i 3 AL 2 % "L B 4L (restricted master problem) >
th (M-N) B %88 T o e p RS BE DR AH 5 + B 3L (Sub Problem) -

Column Generation & (T4 4] d < AFRFREAL - BAAT FfF B R
AV TP BE N SRR d HREHR T REEE A Ezﬁ‘q’ﬁs\
& (reduced cost) ¥t Fhfin F RADP RS ARGFS ALT e R oo
B PR LA BPAER T KRR PR L £ AT P RS il
ik iTE R R o

Dantzig-Wolfe Decomposition ¥ £_2 Column Generation 5 1 % B - % A f#

% > 22 d George Dantzig fv Phil Wolfe % 1960 & x F 3% 11 enfz 2 > iz 8 - B

ﬁm

¥4 oA AR E AT Y hfE2 o v Dantzig-Wolfe Decomposition 4 &% <& /f

BE kAN A R KR
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¥ - A S (R

n
Z C;X;
=

(2-5)

s.t.
Zeyxj =f i=l..,q (2-6)
Zayxj =b i=L.m 2-7)
x=0 (2-8)

B o oey ay s F % B 2-5 RG] o KfE S e AR A RS X U

AR RAL e A RAY B F AR AR N IR RAFGES A LT

w4

fC_-S‘j__:. 1%"5‘53/ #%{)\prii\ﬁ aE )‘14;%’. L_J»\ﬁ;ao

(et)T (cf2)! (cB)T
El q, flll
""" x[)-—--
E[Z] ‘Fz'q| f[zi
______ x2---
E3] 449, s
""" xBl--
A AL AL m b
n, ny-n, n,-n,

] 2-5 Dantzig-Wolfe Decomposition F* %% 7] 5t
F R kR ¢ Antonio et al., 2006
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PR (2001) $vinz EHR R Y LR 0 ¢ TR ES A RFE
(Price-directive Decomposition Algorithms » 4 Lagrangian Relaxation) ~ 3 ik e »
f# > ;% (Resource-directive Decomposition Algorithms > 4= Benders Decomposition) ~
r 3 B8R A 3> % (Partition Methods) °

AT S B AR ED 5 NP-Hard BAE > 3L &f »cpi % @55 245 5] 3

AN

BFhERORFIE o T E RS F R N3F S AR 2 (Heuristic method) # % el
B RfEE R 0 bde @ # L 49F 2 (Tabu Search) ~ fEHERiT L2
(Simulated Annealing Method) ~ & ¥_& #];% & ;2 (Generic Algorithm) °

By A s 2301977 #4 Glover #r#& 1 - E* jelpz ARy T &
& LH ) REE S TRV EORT (T2 % (feasibility) & & %3 & iF (local
optimum) 2 i@ % L A# > Wi A A RBEMRY IRE IR > 20 REFH
Il 25 % (global optimum) R o % 3 g o @R 2 (2002) @& * L HF 2
LB i BRAR (vehicle routing) B AR 0 3%AT 0 - FRRECECDIER S SN
AP A FEARR R D IR EER R R HBER 2 BERER .

FHRiT N F B2 5 Kirkpatrick #1983 £ 3% ) > 8% S 48d 5% 14 PR

BRI LA AR > PIA L BEBT AN B AR 0 MEPER] o A

4
fk—
—l"\
A

b
(‘H}
o
o
3
T‘Il\ “\

WA HOF AP F L R FRFELT
fR2 5 WEH L HEEMM > WEHE N BICHPE > Ea Bjtare BY o
Fleischer % 4 (1995) i * ##i? Vg 5 £f24a4l f 2 7 (Traveling Salesman
Problem, TSP) F 4%

AFFE RS AR PlayoE 22 2R 8 2 5 Holland &4 >
B 1970 & AU EE Y B EAFED 2 c BMANEE AR FeoEE
BeRfzz p ok d ot “ﬁl P RRE O LA REEAE L ST (gene) 0 Fikc
B infE i & 4 (chromosome) » & {5 B 4 4 8 < f2 (crossover) ¥ R ¥
(mutation) k& 4 { 4T - AL IR EA - HHETEREFE ART w0 A
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R 5 (2003) BABES M EhD shpoS|E 2 AR SRS AR ALR Y AT E
HE&v e y EE me FARP LT o

Yok 2-50 BR RFRFEEE E VAL - A T § A RRA G R
BB RE A 2 KGR o

%25 A4 PR E F Y R

Problem
Applicable Technique Continuous linear Continuous nonlinear
Compl. Constraints Compl. Variable  Compl. Constraints Compl. Variable
Dantzig-Wolfe O x o X
Lagrangian relaxation o X O X
Benders x O X O
Noncontinuous linear Noncontinuous nonlinear
Compl. Constraints Compl. Variable  Compl. Constraints Compl. Variable
Dantzig-Wolfe [ ) x [ ) X
Lagrangian relaxation o O O X
Benders X O X O

F L kR © Antonio et al., 2006

ERR R R R Eain iR R UCRR A £ ELYCE RN R L
A - BAFGE R AN A BOA BAFE 2 V- BN FE o d
FRfREDRG e A fEIRE F F B i S N R TR E TRy 7
RERE A (Ao BRI VR R AR RS T ¢ BRI et B A TR Y
FOAFefe R RP IS § WP FORY ) FI - A g R RS fRANT K 2 R

2

FEZIREFRERG Y FRFN R NS E P RIFE 2 kR
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24. -]

X

PR B 3 8 B - AR oA IRAEF B i 0 A SRR
FPRYETEOTRFLEA Lo RFES A PERFRBEST L7 F
FEARGERFER > B BE Ry f‘ﬂ*ﬂu' B Ap % R AE -
L F I E NI R AR MEFFAY > R LY R BT
Fl g AR MEEY Y c ARBREAEIRNEFY > F AT SRR
(Multi-Commodity Flow Problem, MCF Problem) % — f&#7x35% > 3|58 p {5 4&
RIS ST SN A 3 S i AR 1 BN 3 TS -8 S LA ISR =4 AT 1 I
AR RS AR R BRAEE Y hT 5 AR S R T
PR B HN T A A R ARG 2 o TG S R F R RO < A
T AR e B A S ZPER ) @ * branch and bound F ik ffiE o F)
WA FF IR RE RRLRA AR S G F T AR AH
B R RE 2 fRE > T LB BECE N R L kyy o BB KE S AFT 5

2R RS- R IB RIS AR
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¥=F -8 i 5| 8RR JfF] A% B

d 2.1 & en /i BAPT @A ARG D a0 G DT IR LR Y K F

Feooa B0 A B RS R A ARG R 2 A o (T BT R AL

THEAE Bl E S A INR R F R fr- R SR T E A

FHE BB FRERIE e AR R end o d N REXFEF S

FHEH G o BFRRITEFEE S E52 FRRER TR AL a2 i
(]

2R A od M I ;}h,’:\f%#}l’% &

Y
w0
-«

| & 3F (T PFR L E BRI S A A E T
-% o

4o 3-1 #77  ARARR A% TR AHA R GEFE D FEEE A F
iﬂi‘ﬁ’ﬁ$@PmﬁﬁT’2ﬁrﬁﬁﬁﬁﬁi%ﬁﬂyrﬁ@$$*ﬁ
P SRR A - R R s R R C e e N ) R AT NI MR

IS ﬂ‘%}”ﬁxul“ﬁ‘gn Pl a2 BEdpHRES -

EWRE R

4 S ot 3% 45 /»&@difﬁﬁ}

v REMF|E5HEE | [ RAEFIEBIEIE T
RS Stk LTI A HRBA, BR
& & A THEA

1 3-1 & 1270 8 o 4 i%Ae

gyngawﬁﬁﬂgﬁﬂéﬁﬁuw%&ﬁJégzﬂwL&ﬁa’Awifﬁ
FRERS AN ~Tag A8 Tz ;}p,\ﬁ_} G0 I A

BIAtZ JF A BN FREARP o
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SLEFERF A A3 258

FREESAS N aPE 7 FRf 2 BT 7|2 R LY B
PR L RS A o 12558 AT (Lai, 2008) > SRR R S 4D EF
WA PR PRRE R A U2 PR E S Al
FEERF A A ﬁi;‘ﬂiﬁlﬁiﬁﬁ fr@?lﬂziiﬁ boW] 32 B ACRLARE 2 os| B iE
;g!

AR EAEE S BATEI LA R e T B EEAER . « s

+
8

R ARG R e FRAE R RIS EE - P k.. 7|83 73 % A

g 4= - ; 2487 £ 48k,
FATHRMRAS £ X T 1

B 3-2 @A A 7?3_)7\@]"'}’%]4@55

!
fan
\_

oy

LT ER R A F R EF A AR R A2 AL RERT 2 E AR

FOPE AT LA 3

2%t % & \g’g{;;ﬂ-% ) fg’i’r_pﬁie}g S S 7
2p AT g *L*ﬁﬂ@’g%ﬂ B e AL (network inputs) » FALE F 1 #

i K
(track layout) £ SLi4H{E J i » 78 FAL Y (train inputs) © 7 & Ap b 48 2

)

1—\1

(locomotives) cPfdsger =¥ » 7| & 2 4 & (load)~ & ff < -] (fleet) ~ 74 % JRIF3HF
(service plan) o HHE A7 kg5 7 B 2 ﬁig.l rERS AT B REE D E T g
PEEFBEFEFTIGESS -

fI* @rlen7| 2 FEREFTHE N AP RELET R 2T E 7

B e md ik BB AEREEE SR A RERARR > 8 Rl



Lé:

11

r2Gorman (2009) 1 * BNSF4ke = #2001 & 17 3|67 7| & §iF

@
3
\g<

TR

—\

LF
LRGBS B a7 B E 7 AR R o Gorman fe gt M0 5] B iE

H

v

FlZ o 5 <P o AeB3-3997 o

Dependent Componentof Determining Measured Variable
Variable Dependent Var. Factor of Factor
Train Related Horsepower/
- FRT Ton (HPT)
Free Running
y Time Topography
(FRT) \ Track Related (Direction)
FRT Speed Limits
(Slow Orders)
' Primary Dfecis
‘Tottf] T|3Am y iy Y Passes
Running Time / ~R Overtaken
(TRT) \ / Trains in Prior
\ / 0-6,6-12,12-24
Congestion Secondar Hours:
\ alatad Nalay ——'-—9 ' LL.—.,.-\..-\‘ Iy — o
INVIULVAL Lrvla (-‘KU Ucpi”‘lul‘c
(CRD) o
- \ Headway:
Other Trains
- Total Train
Capacity
R Hours:
Utilization : :
CRD Train Spacing
- Variability

B 3-3 BB FEFEFRF2LFF
7o &R Gorman, 2009

HY - BT I R4e7 8 FRPH T Z > 2 FF e FF 825 Mo 4
BEEH 3 R EDS 4 (HPT) > P AR R 7|3 8 7o 1 2 R
P )P B AR ARE BRI  FREAAER S FRA W R~ UZ E

£ FE - AR R BARE  RITI B F T A

fh-

F - fEEAes| B ka2 F1 % > ) Fl R ¢ 552 A& (primary) 4 ¥ = &
(secondary) % ~ 12 % #uiE F £ % * (capacity utilization) e 1 B £ F & 3 5| F A

WEpFEi8 ¢ & (meet) X fic A2 d (pass) 2 kit A (overtaken) = #c; =
25



BuFe AFAI PR RPN H e A RS g g R @

Fa b R 5D FIERER o

0N
o
[}

"i?r

#3-1% 37 Gormansizt 1 H ¢ — B —KORE » PR E£233% 2 5 4

~=\

SYUbe b s R B S E P T F I6ARMEEE ) £ 3 Z 0 AR S

o PN P REEEDEID L MBRFS > AP R R R

£
% 3-1KO B f & o0 1w §F
Free running time (FRT) Congestion-related delay (CRD) variables
Trainrelated Primary/direct effect Secondary effect

Train Priority Int. HPT Direction Meet Owertaken Pass Prior Prior Prior

(12-24h) (6-12h) (0-6h)

High 489 (0.0992) (0.0652) 0.0632  0.5679 0.0127  0.0043 0.0131 0.0385

Medium 534 (0.2051) 0.0439 0.1173 03355 (0.0062) 0.0017 0.0248 0.0726

Low 597  0.0034 0.3533 0.1783  0.6050 (0.0403) (0.0187) 0.0303 0.1220

31 Cints £ FE (intercept) 2 A R A A R L BRI E R
FE2 D HcE P R LR L

74 k& © Gorman, 2009

Ead g3 - fodgd S gcr 4 UIC405%F £ £ (UIC, 2005) 4 o) en

S

Pl ECIE Y 3R o) 712 B EEpES o

=

L ﬁ,\/] 7| @ & & RE R l'/“

b

_ 2 (1)

t . . min 2 :
Jml slotS] n?/ (3 - 1 )
l’l[- . n/.
n.. =
ij[slots]
jlstot N (3-2)

o ny : FE B W FAD BRGNS A D A il o
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AP S LR PEAETAL TR > FATRED S - FF A Y EREES
Fosld T 8 285 7|2 A BpRQER 72 2 44z d 2k
Lo B AN EMEARE S D AR o it N AT
BRI TH= (72 Y EREER w22 Y E)* (7285 E%
ZEE LY

d d
RT N, - PN
overtaken(t,d) =| (N, —1)-—— |- "B
24 NT'(NT_D (3 3)
A8 = (%7 WA G 7B 2 B E) * (5D 8D NS s
3 5)
N/ -N¢
pass(t’d): (NT_l)_RTt ) t {elp,
24 NT'(NT_I)
(3-4)

1
lal)

LuT N
‘Q’%

D= (572 FEEREEF e B2 Y E) * 2T F E BT
7| &

T E 1 %)

NS

RT; j Ntd ' Ntilp,vhpl

meet(t,d)=((NT_1)' 24 N, -(N; -1

(3-5)
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e RT, :2 @R REFHEE (]

e ¢ PR A B o r={12,..,N} -
e 1 I EHEHTIH o

e hpt TE2RLEBRRARERANDGFH -
o It BRAEBMIBLR ERAD 2 R -
e d i RiG el de/d d) d i odiwe A8 A fedip R
e oo BH|RE D d=d’, d=d -
RT

’é}_ﬁL‘TF’";}:'g EI"'—‘*% =1 24])35’]? _&—iﬁ'—p" - i‘?’ (N —1)7

RACY B LY BB G A Y o At (3-3) P E kel S &

g E e > P RAERINTE L e B 2 Y E

Jor; :
g
b

A

la)

#N (34) *+E T RARF I E FEREI RS > iR
6

%
B2 e d 2 R E S RN (3-5) 3 G RARHTE FER
BIE e d > P RAEFIN MG E B 2 B E
P HERYFRE B AR ?M}i,ﬁ.g-‘-— E NS I (& Ak
= #cz. B

ARB VBRI T EEARTF o R EEIIEFTE IR - S

[



E‘J}; rév?']f’ —i;ﬁ};__f_ I/E" o

Him i ¥ AT

i ’-”T? i ﬁﬂiﬁ“_@.%\"rﬂiﬁ

# % -
# =
W=

dr 324757 0 B-% ﬁé;lj?ﬁ R =2 E Bl
T LT e R I
BARFI|E B L RAR R MG

R N SRR

>~

3%*ﬁﬁﬁﬁ’?§%$§ﬁ%@ﬁﬂ‘

EEER A 2o
fe i A e iE

s AW EH LB

BEERER

Pk ¥R A
T’Tm"?’ ’—ﬁé—{

2 EERER

]"IJEE?FE'.& ”f\."o

# 32 R KOREIEG L /A7 o2 TP 2§ &)
% % % # % ,
52 #& EE S FEREE (P FErsd) EFEF (] F/E D) g;%]{g
sl sqall dgal B8l #48 | ERAl LR LRl

3 5 3 2 5.72 6.21 5.78 6.01 77.56

4 12 12 2 5.86 5.94 6.01 6.22 179.23

7 20 2 2 5.73 5.83 5.61 5.78 179.46

15 3 14 9 5.25 5.64 7.23 7.56 264.87

26 13 2 15 7.02 7.44 7.12 7.34 403.46
FEEF LA BN EEETE A RRfeD AT NI F AR L E

FRER R PRk o

MEFARF o W 7 PR H 4 o

3.2. 4138 A3 2N

¥y § iE

AT B R S 6 chy B
29
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ERIER-YSE-STRLE -0 3 NS RN I R i Rep 3 S in R cF & A I S £
Wo- G £ RARE IR HOT R PREURAR S 0§ R BARE RS S A

ﬁ“ & 1 ¢F > Zarembski & 4 (2004) A DVBUGE IS A RPN R P R

=%
P

/

P S AT - AT 4 & Zarembski 42 12w 3 0 & B HGE R

>t,.
(\n
|
e
@
| 4
&
9
|>‘_
3.
B
kY|
Ve
=
s
b
I
N

£-78 7| B 4 5%

M | S R AR T A2 K i A
Ll

B 3-4 @iz A= ﬁ}.;“ﬁi%/\_,ﬁ‘ﬁ%]ﬂiiiﬂ

At as o £ (Tonnage) £ FHig @i & h2 b€ & FF > &L H7
B g AR PTG 0 T B RGE i A
FoERREAR S ATEL TG R 0 RS PEREEY RS IAE
ot (light) & 5 4 7 B BRE 96% B M 2 B 2 4%d B R T2 R T 6 B
P % (moderate) ¥ B % 7 M ELE90%W R M2 B 08%d RA2AII6 AR
2%W B e 6 R plZl (serve) W B £ T P EREC 82% W B T 2 R 0 12%d R
B2 RFI6 R > 6% RE6RM Y » addplzlad RE &Y { 522

a o

FZRRERE A S AT L TR S 0 RER AR %R HNM

UL GHDERA > FPr @y Fi g sy R Esa d o a A% RN
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PR A MRS > A TR A N FBEF R TR 6 11
SPLE 0 FIt il AR BE AL o & i B saE Ue & 323 47T o

# 3-3FRA T & & BiLig i

Track class Freight trains Passel_wger trains
(miles/hr) (miles/hr)
Excepted track 10 NA
Class 1 track 10 15
Class 2 track 25 30
Class 3track 40 60
Class 4 track 60 80
Class 5 track 80 90
Class 6 track NA 110
Class 7 track NA 125
Class 8track NA 160
Class 9 track NA 200

TR KR 2 R R,

Ao CHBREIELARBFIESIfoERLTAL THET B T B,
mz Ne s 2 g fe d FEIAL ROZEFET 3 F o ek &
BAOPLE S FR PR A AEFRY o

PR R ERGE A A A TR S TR 1Y R E (2007) 0 fuit B

FEEY SRR BT 0 A FHROH c LR TEF G

L Mg 2 k2 2 5] 8 U L0 et iE i o

3. FEFFLE G 93 2 E4 o

Wy DR S A R U B TG A R
WAL o — Ak AVPLTR B ARBRRET AL A0 B0 @ 3

FIBEF AL SR ER Y R FIR AR B S ARUR RS L F o
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%(3-4), (3-5), (3-6)A B E IR 4~ ¢ E N L E B AW R el i S A

F1# 0 FRT L H E) (3-5),(3-6) £ T o

2348 duicd FHERE - uE £ ek B8 S A (£ &/
)

Tonagge (MGT)
<=5 5-15 15-30 >=30

Wood Class 4 $8,489 $10,621 $14,959 $25,270
Class 5 $10,925 $13,670 $19,253 $32,523

Class 6 $14,343 $17,947 $25,276 $42,698

Concrete  Class 4 $8,416 $10,531 $14,831 $25,054
Class 5 $10,832 $13,553 $19,088 $32,244

Class 6 $14,221 $17,793 $25,060 $42,332

A kR Zarembski et al.,2004

R R LI e I S T E WY

®a)

Tonagge (MGT)
<=5 5-15 15-30 >=30

Wood Class 4 $8,902 $11,139 $15,688 $26,501
Class 5 $11,457 $14,336 $20,191 $34,107

Class 6 $15,042 $18,821 $26,508 $44,778

Concrete  Class 4 $8,712 $10,900 $15,352 $25,933
Class 5 $11,212 $14,028 $19,758 $33,376

Class 6 $14,720 $18,418 $25,939 $43,818

TR kR © Zarembski et al.,2004

13-6 BB BT F RS - i E T3] B A A (£ &/

1)
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Tonagge (MGT)
<=5 5-15 15-30 >=30

Wood Class 4 $9,475 $11,855 $16,697 $28,206
Class 5 $12,194 $15,258 $21,489 $36,301

Class 6 $16,010 $20,032 $28,213 $47,658

Concrete  Class 4 $9,121 $11,412 $16,073 $27,150
Class 5 $11,738 $14,687 $20,685 $34,943

Class 6 $15,411 $19,282 $27,157 $45,875

A kR Zarembski et al.,2004

Maintenance costs (1,000 USD)

100
90
80
70
60
50
Wood Tie Track(Light Curve)-Class 6
40 =@ Wood Tie Track(Light Curve)-Class 5
= - Wood Tie Track(Light Curve)-Class 4
30 === \N0od Tie Track(Moderate Curve)-Class 6
==jé==Wood Tie Track(Moderate Curve)-Class 5
20 ==@==\Wood Tie Track(Moderate Curve)-Class 4
10 Wood Tie Track(Severe Curve)-Class 6
Wood Tie Track(Severe Curve)-Class 5
0 Wood Tie Track(Severe Curve)-Class 4

0 10 20 30 40 50 60
Annual Tonnage (MGT)

B 3-5 Abipidt-2 PHEd R-2 PRE S B2 2ERE LGB LAY G
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90

80
70
—
[a]
[%2)
2 60
o
o
e
d 30
4]
©0 Concrete Tie Track(Light Curve)-Class 6
8 40 (Lig )
o =@ Concrete Tie Track(Light Curve)-Class 5
§ 30 = - Concrete Tie Track(Light Curve)-Class 4
5 === Concrete Tie Track(Moderate Curve)-Class 6
"":' 20 ==3ié== Concrete Tie Track(Moderate Curve)-Class 5
‘EB ==@== Concrete Tie Track(Moderate Curve)-Class 4
10 Concrete Tie Track(Severe Curve)-Class 6
Concrete Tie Track(Severe Curve)-Class 5
0 Concrete Tie Track(Severe Curve)-Class 4
0 10 20 30 40 50 60

Annual Tonnage (MGT)

B13-6 R pubt-7 g d R-7 PRS2 2EREL AP A AN G

Rt (2010) 9% F o &4 RIS AET 2 E LG R0

4 s

s pRegdranFF AL Eode- FrEPEfrag L ham o 2l

CY =aX+p (3-6)

He

PEIBRRE A A (£ 4/72)
X r# L oftE (MGT= Million Gross Ton)
a, p DA A S T
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% 3-7 iz A ﬁi;‘iﬁﬁﬁ'fﬁﬁﬁx

Tie Curvature Class 2 Class 3 Class 4 Class 5
o 474.2 6194 773.3 892 2
Light (96% - 4% - 0%)
B 17,082.0 19.196.0 20,777.0 24,4890
o 499 3 651.0 811.7 9359
Wood Moderate (90% - 8% -2°%)
B 16,574.0 18,7840 21,1340 229250
a 542 9 7036 873.0 1,005.6
Severe (82% - 12% - 6%)
B 16,813.0 19,1560 21,6440 235450
a 406.8 5509 703.7 821.6
Light (96% - 4% - 0%)
B 17,182.0 19,2795 21,5100 23,208.0
o 4237 5753 736.9 858.7
Concrete Moderate (90% - 8% -2%)
B 17,100.0 19.361.0 21,7900 23,546.0
o 471.9 627.2 791.8 919.0
Severe (82% - 12% - %)
B 17,5260 19,7890 221950 240290

TR BERE S B A R AR R R F e TE
AL SRS (3-6) piEMPEFESE A g Re S (2R E) T2

i A o

3.3. B i 1t 7| 8 B g AR

TEERER S A AR AP RASEET > S F AR RN L
=

CRABAY GRS A TR A A RN PR LA R B 2L

PEPET ARG S A on (RIS RG]

P
o ESARNTA L N2 FERER A A el S A TR S BT

DRSS A R EF G A R adig B A e RaA| B EFVARS

5 2B & on B 32 (Multi-Commodity Flow Problem) ; & & & 4] % & R3] 82

- BOR & BB R B F 1 05 (Magnanti f+ Wong, 1984; Minous, 1989;
Ahuja & 4 ,1993) > g it A G P HERARNF D B FIRB R TR 4 B
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R e

3.3.1. #550 BHLRP

G TRETh P E2 B L GINA)Z 7 d FINfrR AR = e e N4 7
B oty G ELE Lo AR TR T BREDE S iR T T BRAEY Z- A0y
B A AR T BB AAR Y D B fE TRt} A8 B g b
ki ot % tfa s 8 %]ér\m ¥t (Origin-Destination Pair, O-D Pair) Z > = Bk % 7 -
MAREH K AR BRo R T ipBhe » ACBEI 0N £ o igBE e A 0 sM AR A AsipEbk
A4 '—’”&@wl,ﬁ Fo KIA“%”TP A2z BT Rk & o
W E BREAKRE ) LT IR ST RRIHS 2o d A E e o KA
7w o g o A dR td'Ud o ViaTRAEAnEL > vk 28220 o
it Bk 23 A A DA FE e > LB I=205 B
V={v1=(0,0,0,0), vs= (0,0,0,1),..., ves= (2.2,2,2)} » % £=64f62 @ e+ 5 ; # ¢
0,000 % %1 e X FH - v=1> A4 2 FIF » ~ 2 FlF e ~ 2 FIE» >
B a1 % 73 ¢ 505 (0,00,1)5 5282 A R > v=20 &4 FEID 5
B fELE e~ B AEIE B3 500 B IG5 8 515 (2222) 5 56452
EXFBov=64 R A BRI ~ B FAEe ~ B AIE» ~ 0 E D BB 7
By 2
Ny % T BB () R ESVvERT > B | B e ng AT il By
IR - VRSVE S WE STEE SR S T AT o AR - TR

Soedd|E iy R RE() B B A VR T @ i A L ow A d
) F BB (i) bR R A VIR T 0 B fEr R e 7] B e PR =

n'ootn’ o R RE()) R EXVEFRT 0 B s fefR T o e frib e 7

td*ij td”ij

36



LRI X S L RTEE 2

CR& 214 fB7) 8 PR (5 & B ) phytz 3 OV 5 7 8 e g
Ak > E L e o CVin) N E GRS X R Sl Gy R B R (i) R
L RIS A A U EHE mE R S RTR A BEFER > U5 D prt
RT(xy) & 25 2 38 (TP Sl > RTgy' %7 R B SVEFRT > 12 f10 2 d3 o e

LB EERER S LR BEG)TER S U) 27 BE()Rd esviERT

p

—_

X BEE R o G B AHCRAE R 6 R
(1) [—[lj S ;u%ﬁ'g;’ AV * .E,\(l‘])l-ﬁﬁ\/ﬁé \L‘ E’lf,-\']‘i ) ‘F' = %’gﬁ’\ ié’__lf_’_f:\;vﬁ'l

HEZL; Hikmp 0o

(2) xj’ P EERER M AL FARE R KA L o XIS RE(G) DI RE -

MUTF R B i LN R B LA L P

i R

N B § LG L o

"4 B d B EchE & o

UGN A o E BN AT S i > GR R  f2 B 8 o

o DR T - ASdLEE o

. LY T AR

L 4 A TR ERNE L cHAc i ABBEF > A e 0 F|B A2
5o BIV={v=(0,0,0,0), v,= (0,0,0,1), .., ves= (2,2,2,2)} » % £=6478
A e ST S R & o vl AT LI A VIR T il
40(0,0,0,0) 5 ¢ F & % - fAH o v=1 -

« T B fERERE L o
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" S RIER T

d B RE e ES .

d DA R 0 W< B o

d DA T o WS04 B oo

Ly PR ER (L)

N’ DR EAVERT o B fErhs| B R (FlB /P

Mudij PR A B AR T 0 B R S ed S B g (58 &
/B ) -

2, N N 4 5 7 “J:L_’a - __éj
nyy tEE()ERL EAVERT » 20Uz e S EnE (58 i

/B) e

n' BB R ERVERT > B E e 2 58

tdij

ek
™
[
At

/P )e
RT F|BFEFRERF (]2 ] PF)
RT(xy) 3|88 FPERE Sk (58 ] pF) o

RT.. DA ERVERT B M2 A8 T30E AR (52 ] pE/1003%
tlj A i

2)
ck PR E A E AR AN (F £/ )
v TR R A N EH R ER 2 (R A/EFD)

CYecy) @ PUE B A A Sl o

Ci"' PR EE R L AR S A (B 4/EED)

K A ERAE MR (2 G A ) RS
K DR B S AR o B BT - el H e B0t T ig

Bhd -
Uy’ PREG)ERTESVERT 2 REFE T GlE /P ) -
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Fok2o 7 F8 (G2 #/P)

AR F O

H; ~ % %< (binary variable) » i T B (D, j)pic P L Ay e
"o . |L if traffic composition v assigned to arc(i, j)
i i 0, otherwise
. k,
Yy

D A% B (integer variable) » k72 A=ZZ BEE Km S EL (G, )2 P B
g (Gl /R ) e

3.3.2. B it i HF 50

?E—fﬂt}iﬁs\l .
Min Z ZZCfRT(xm)xzf" T Z ZZ%CM (xn,j)xiff
(i,j)ed k,eK teT

S.1.

(i,j)ed k,eK teT

(-7
k
2

s if ieo"
kt _ k, ’ o kz .

X, - Z X; =4S if ice VieN,k €K (3-8)

e T i
(i, j)e A} e}y 0 otherwise

k, k, ..
Z(x[j +x) <U; V(i,j)e A
k,eK

k k
x; 20, x; € Integer,

V(i,j)e A,k €K

B AR (3-7) FEEMEPENZ PRS0 PHRAN B R A wf

Fpr +

AR A B RT(xy) 5 7238 7P 22 S e 4ofe 3.1 & 0t Sficdk * Gorman
e F

B S HNE BELE (L)) R B AR g

- REF R RES S B
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SPEAB A A B Oy h g BB A k2 S ok 32 & 0 ) Sl
Zarembski % 4 f FRA #& ek jisdR 2 » 13 f28 (3-6) 3+ 5 & Ty & A o

B AR (3-8) AR E TARRIFIF o AR RRITEL R EEW L E
2R A A BN E R BN &GS o S AR (3-9) S RATRE I

BBt B R (1)) T ALE R e v Rz g F R e 250 (3-10)
SEIETERTE B2 TH S 2 SN RS F ALY ST

PSS ¢ RT(x,)x) foCY (x,)xy 5 288> bl P RAE ¥ 5 5 55~ 7

art

B % f2 (local optimal) » 5 7 Fx %45 3] 2 % & 4 % (global optimal) » F]* 12 T 3

LA R S s o

RE BRI
Min 3 3% > oy HiRT,Cl v Y > > (n) +ne YHIL,CYf (3-11)

(i,j)ed teT veV ded*ud” (i,j)eA teT velV

S.1.
ZV:H; =1 V(i, j)e A4 (3-12)
Sk =Sy, H) V(,j)ed,teT,ded" (3-13)
k,eK vel
Zxﬂ _Z”tvdiiH; V(i,j)e AiteT,ded” (3-14)
k,eK vel

k, . . k,
5" if ieo™

k,_ k, _ _k, . . k, .
Z Xij Z X =78 if ice Vie N,k eK (3-15)

(i, j)ed} {j:(j.)ed} 0 otherwise

v oy v ..
Z Z,fftdinij <U; V(i,j)e A,veV (3-16)
tel ded*ud

k>0, xk v w
x; 20, x; €lInteger, H; €{0,1} V(i,j)e A,k eK,veV (3-17)

PEHCE B R RS A 1 AR (-1 & B RS TR
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2 AR FABEERER A AR A R o RT, CRR & il m v ™ 5 17

=

B dS b AR (i) s H B E R A A de3-1ERM 5 A AT

Sk LB E R Y 0 R g 5D D oy HYRT, CF ik £

tdij
teT veV ded ud™

Bij)enr )8 B PR A o ST BRELR B B RS R PR S B

WEPET S AR G R AR B ARE(G)FE =5 & E Y g g S
-~

(gt 7] 2 = w82 PP a2 A)> > S (0 n HL,C 4%
(i,j)ed tel veV
Be e 7] B BT R TR FUE R S A e o
Bl U EO R LA T R L B RS (3-12) R R EEHLHIN 0 P oehhan
Rpl- BERE T EP- Al e 5 24258 3-13) 5 L v - REAHF 0 d

AT N6 ERPE B

o
—h
)
i
i)
“:‘4

PRI B e I Rl BTN P
AR A Rl AL e A8 I E R AER R 2851 ¥ g

3N (3-14) H AN (3-13) P E 2 iR B n AN UG E 2 s E i
o BGE B2 - X 2 AN (3-15) oo BN (3-8) B AR TN
P AR (3-16) FEREEE LG 0 B e p UGN A ())F VAZE I By

HRLpuE G R

e
A
NN
I
B3
o
~~
UJ
;—A
|
N
P
—'.l-\f-

LT 3 TWS 2 SRR

BTG A% LAFERIL oAVmiREs] B 6 fFRp £330 -
FIB G TR T PR > R U BAR Y 0 T A A e gt

g b b o B el 4o o 1 F S GRUVEF AL REAEFT S AL 1

FHRF PHNELGRAY AN A olF TR S A ER TS T Y ;}_@@?}gj\

e B SUIE 2 4 Rl T A Btk P B L (g 7R o
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3.4, /)

X

%ﬁgﬁﬁ@ﬁ#ﬁ?%?Nﬁﬁfﬁﬁﬁﬁﬁﬁaﬁiﬁiﬁ’agyi

,
v
-

|
%

al
Tl
\_.
e
pat]
oy
*9—
>t,.
4
e
\_N
[t
(i

{7 P 38 * Gormandk ) it fF 03]
S tUICA S R E b EHFIEZ A T UGN L8 a3 T2 FEEFRT
FUE 03 AR ZarembskichdR 4 0 ¥ R 2 EPE o FUE D F oo g Faos
PP AR - AR > T RBIEEI R AT L Pl g A o
Yol BI3-1 0 S RBARAHKFFEE EFI AP 2 ERF R 02

WA AR E 0 BRSO 2 S ST 0 Tk A BT

S

PR B o
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% = & ~ Lagrangian Relaxation #-3"

T3S = R N AR 0 B @B BT RRMAE A B i BN o
Bt e ARG R HA ARG RS BRI ER KRS
B S 2 BT e AN ATEF R AN S > BT § A e B
NP-Hard R 3% o F]p* 12 7 & 4! Lagrangian Relaxation f#;2 » #) ¥ 3 »c 5 Rf22R4H0

ﬁ'&"—’; PS‘FF’«&YE

4.1. Lagrangian Relaxation /i %

Lagrangian Relaxation 7 * #£ 4 H_# ",% B B RE eh A 4] 5% (Hard
constraint) » #-#% “ﬁ%ﬁ-fﬁ‘?ﬂflj 7ot bR 3 #& (Penalty multipliers) <] p &4 ¢
Yot TR e N AR R o ek KR A “%:}1{-“\’#'] ;LR A A2 % Lagrangian
Relaxation [ 4% » & — f&304 18 it R 2 -

7 & 7P Lagrangian Relaxation ¥ M FE R B iTH Ef2 > 0T A LS iF 232 ¢
FARL AR R L R e dkE o AT R £ Lw i LR KA

Hp S 0 L h LR FAEE denp 30 dk i@ o

Lagrangian Bounding Principle (Ahuja, 1993) : 3% B u & % > L(w)Z_ R 4ok
329 L fZ(lower bound) » ¢ ** LR B 42 &_F 4R 384 ",‘TT LA > Flet L) €
iz Ado ) BRI L L) g o

33 %118 12 % (Weak Duality Property) @ 22430 % » > 2 R4oRP2E 5 - & 1*
PR PIEHB PRI ER- BV (732 P Sd3kE > L R4eFITTE 7 712

2P BEZ T UfE o P AT
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Max z=cx (4-1a)

x20 (4-1c)

EL R A LS )

Min w=yb (4-22)
st yd>c (4-2b)
20 (4-2¢)

S 28 (4-1a)~ (4-1b) v (4-1c)s — MPEE~ MR AT #1157 % (4-2a)
(4-2b) fr (4-2¢c) 7 w2 fo ) LA BRAST 7R £ A S (4-1b) fo
255 (42b) A ul ) fex’e

Ax"<b> y'Ax" <)% (4-3)

yA>c> yPAx’ >ex’ (4-4)

§ AR (4-3) fo g2t (44) 1 o )b2ex” > R ALD gl ] 2t &0
R AP Sl o T BRSSP AR GnEr - B
fRzo p RSk 0 E R4 AT T AR P R SBicE ot "2 (upper bound) ;
F2 FRARALE o] P RAL A HBRGEHEr- B7 722 p FolkiE o L

*

Fude B AZ# G ¥ A2 P RS @ 0T PLfE (lower bound) o FJpt ¥ R L) &b

*

z

d bt A iR IR F S A2 (4-5) 2 * %582 > o Lagrangian Relaxation R 42

2P HSNT 2R (4-6) AT
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Lw)<L <z (4-5)

L = max L(u) (4-6)

Yo B 4-1 9770 50 KE{ 2 HBIE L o F RfRERS - 2 1R
(Ax-b) 3 R 2 PUHIS o i A ETR A w0 TR L) 412 WA L

FAECE P RETRREDE -

Zp(u)

w=cx’+u(Ax*=b)
¥

— w=cx'+u(Ax*-b)

R 1
w=cx'+u(Ax'=b w=cx' +u(Ax’ =b)

/

] 4-1 Lagrangian Relaxation B 3% +-f% 7+ &, 8]
74 kR © Fisher, 2004

BRI A2 B R LK€ d T ks u Ao dok 2 425 (4-6) » Lagrangian
Relaxation i XL P et B 8 { #e0™ 'f2 > @ 2o u E A7 LR FATE < £ 3

Lagrangain multiplier £* 4% o
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IHFRENE

Lagrangain multiplier £ 5% 5% = %‘%‘ d AT R Fay A R RN AR
A ho | L Re R R 0 AR PA NS kX Z 8Bz 20 B SkiE
B3 A GV E EA KR R A~ WA (1) KB R Z (Subgradient method)
(2) simplex method % & % #icA 2 /2 (column generation) ~ (3)#F ¥ 3k # i3 &t ;2
(multiplier adjustment method) (Fisher, 2004) o }* 2 7 i€ * S ¥ AL * T 7 REH4g
S0 Bl B e B 2 RjE LR B AL - A S p A2 o

T R A A

Jx) DA R R R E L Sk

Vig ¢ Sl )2 RS e

e O A R

. u : Lagrangian Relaxation #3% 5 3k #c

e 1 Ak

e L : Lagrangian Relaxation F* 42 2. P & 30 #ic i
e L : Lagrangian Relaxation F® 48 2. & & f#

* (x) DiEF ARR S

YHH %8 Sl f) RI o RB-fy)2 - FEERRE 0 nZE R & f(x)2 R 1E o $30
R ST ITRE L Ve PEEES SELENEE S T - SRR L
R FPEIHFIT e d BHFIE (step) & 00 x B o FH L

RIS ICEERY
H»O (4_7)
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F LwE 7 jem s Pldcx iven LR FPAEVF @ * & T "5/ (steepest ascent
method) @ 5| { 4 ¢ L) & o 4ol = 238 (A7) B8R fo)ri— 7 el Sl fix)
YRS B g A D

A I TR LB A \3,—\—” R 2Lv el i fic ) dole S IV R AE T
AR TR B B R TP % % (Fisher, 2004; Ouyang, 2009) i * =
# B ;2 (Subgradient optimization method) * & FjfFizd 7 ¥ frs e Bkt 3F o

TR R TR B B KRN Sk & R eE B
F o ERFYRBILFYR S wOF D B RRECR 1 i R SAT L AT
oo 4250 (4-8) 277 - W R - BB ABRER B

R BE

u™ =u"+0"VL(u") (4-8)

£ gamma S8 G be r T R BT 0 P ARSI o g S lic gt T L T R
T RBEF B RFITIEHF > w o deBl 410 NP P DA F R HBE AR -

fhengamma T EIEE > v oS n B LR PSP S BHET 2 258 (49) &7 ¢

un"rl :un + eny(xn) (4_9)
I RALLR AL 5 - # 0 ST ¢ S 2N (4-10) A7
(4-10)

L(um—l):cxn +un+17/(xn)

Bk LG 4w RS2 B d 13 B 25N (49) B r 225 (4-10) 0 ¥ ont+l
LR WAL R B S B B & 5 20 (4-11) :

L™y =cx" +[u" +0"y(x")y(x") =L (4-11)
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d = 4258 (4-10) ¥ d 3R » A LR %;:jézrpﬂggfj&a AT R

FERAY TR 2B AR L@ ARE S| insrEs

(Euclidean norm) » y|| = Z:j(yf)”2 vl L)y =cex" +u"y(x") 0 FlH F n B H

FRE™ * 5 4238 (4-12) &7 ¢

0" = i(”z) (4-12)
1269)

d oA A FRRREPE A Sy LR R AR 2 LD F A A PR e - BT fEE
¥+ iz (upperbound) > F 3k F - BHE Ao 11> A2 (4-13) &7 ¢

_ X[UB-L(u")] “-13)

6" :
Jrx)

19518 24 # 7 (Fisher, 2004; Ouyang, 2009) > A & /i 3¢ 0 3| 2 22 fF o 5 d 3% (R iF

B T U F LR B AT E i 17 o

48



4.3. B i 72 B S 4p % & * Lagrangian Relaxation i

43.1.

BEMHRE

FR 33 @R A DA B BT R o A S R4 A e T

Min 3 3% Y myHiRT,Cl v Y0 > > (n) + e VHIL,CYf (3-11)

S.1.

3

(i,j)ed teT veV ded*ud” (i,j)eA teT veV

ZV:H; =1 V(i, j)e A (3-12)
Sl =>"nlH) V(,j)edteT,ded" (3-13)
k,eK vel

Zxﬂ —andUH; V(i,j)EA,IET,dEd_ (3_14)
k,eK vel’

st ifii € 0%
kt — kz r_ I kt ’ r kz .
Z xz“/‘ Z xji - S lf‘ ree VZEN,kZEK (3_15)

(i, )ed} {J:(j.i)ed} 0 otherwise

tel ded*ud~

>0, xlj € Integer, H, €{0,1} V(i,j)e Ak, eK,veV

(3-17)

d 0 R e SRR S AR (M) 2 X)) el K

B4 N 5 KR 4F 32004 58 (Ouyang, 2009) o FJpb gt 7 i *

Lagrangian Relaxation » #% “ﬁ?ﬁ-” 25 (3-13) & (3-14) L %4 - B ESET L

Feu(ReEE AL EL - FE) for PR NS - FEOHNER L

dt#F - BERFE T u {ug VIET, ded Ud, (ij) EA} » T B 18 i 4o ™ 5

T .

49



z(u)= min

Z ZZ Zntdqu/RTthC + Z ZZ(”W +ntd U)HULUC;;I

(i,j)ed teT veV ded™ud™ (i,j)ed teT velV
(4-14)
k, koy _ v v
+ DY Dty (L xy X)) =D ngH,
(i,j)ed teT ded” ud~ k,eK veV

Subject to (3-12), (3-15), (3-16), (3-17)

432 EE B

La L gamma 5 F 2R S (FRFY A& F 3 %) @ gamma EEV *
* AR (4-15) &7
y(x") = ()" + (X)) =D Z’{;U(H;)” (4-15)
hek VeV dedrod
u''=max {0, "+ 0" - ¥"} (4-16)
A=) /2 if no progress in more than K iteration (4-17)
Converge condition : abs(u"""-u")< & or error gap < 0 (4-18)

B AR (4-16) FEF AT R EE > TRFEEL T E - SRS 4-17) &

ey
Rg
\\\?{r
A

K T M R HCRE R VR B 2 (simulated annealing) ¢ etE R K %o

Pend L0 RIWFEADEF TIHRME ) B WEFLHAE G TR PP

thoo @R SRR M- S AR (4-13) R BB R F e F
R en

BRI B RS GEIREE TR o S RN (4-18) R L A B A %

-3&\

BT g )RR R (0) 0 & a&?ﬁ—é%@] WERL

l“b

() °

Him KR BT (] 4-2) ;

o BB R UE R A AR T ()
© HF- P HEF Sdk (gamma) o

o W= BB RFIE (step size) °
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(Step-Size)
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M 3] R (u)

R E AT R 2
1. Abs (wj+1 -u) <e
2. gap <Xx

H1BAE B AR B
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A I E P R LA EL P PN e ERT LR AR AR
RALRY ST § R REERITE TSR e Gt T H S Y g T
BRAFHL LR e Tk d N ERRT A Y fERBRREER > A%

FEAfE L2V UART- FEE L gAY S AR R F T LTS

Wi

Lagrangian Relaxation J-f#2_ F *2ig o

d AL BT RE AR A B2 S A VR A 2@ ¥ CPLEX T & kjzr iz
Fl$t ¢ * % w F #& 1! Lagrangian Relaxation # ;% fie & Subgradient optimization
method <f% » f* = 4258 (5-1) 3+ 5 LRiT ™ fE2 &% > 53¢ LR solution * % ¥
v 27 f2 LR % RMIP f2 1 48 & B3] (Relax Mix-Integer-Programming,
RMIP) i3 Af# 4 4E<0f3 - % ¢ RMIP Hi07 £ 4 5 %0 ~ Ul jarg o
I OARlch - Do o YN RO 4 MIP BN R 2 R Tt R F 2 MIP HiE
R G o 12 RMIP f& i 0 {30 i > HRiT 11 jR2 & T 42R (4o® 5-1) o

i &

LR Solution — RMIP Solution (5-1)
RMIP Solution

Gap (%) =

LRiT W2 f%
(7 # 12 %) o
5. f2
7 A F)

WA e
(Gap)

RMIP (Relax MIP)

B 5-1 #ARIT 00 f2 %4 27 & B
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