doooboooooooooooooooooo ©20l00000000000000O0OO0OO
Transactions of the Operations Research Society of Japan
Vol. 53, 2010, pp. 14-29

gogbbbodoodgobbbuoooobbbbdoodaon

oo o oo oo oo o
oooo oboooo

(00 20090 20 160; 000 20090 120 160)

good
gboboobooboobobooobooboboooobobobobobobOobobobobobooooon
gbobobobooooboooobooobooboboobooobobobooobooboobooocbooboooobo
oooboboooboobooobooooooooboooooobooooboooboooooboooooobooooDoo
goooooboobooooboobooboobooobooboobooooooboooboooboonDo
oboooooooboboooobobooooooboboobobooboboboboooboobOo 10b0DbOo
goboobobooooooboboooboooboobooooboooboooooboooboooboooooOooDboDbo
gbooooboooooboobooboooooboboooobOooboboboooboobooboobooooboon

gbooob:boobobooobobbooboooobooobooonoo

1. 0000oaon
gbboogdgbobodgbboobbuoobbuoobbuoobbuoobboobboobbn
gbobogdbboobboobbogbbuoobobooboobbbuoobboobboo
gbobbbouoooobbobbooooabbo
gbboogbboobbuoobbuoboobboobbuoobbuooboboobooboon
gogoobobobbbbbbbbbbbotbotbddodoooooooooooooooood
gbobobooogobbobouoooobboboooobobuoooobobuoooooobooo
gbbboooobbbbooooobbboooobuoooobbbodo
gbooogbbuoobbuogbbuoobbuoobbuoobbooboobbuoobboon
gbbogdbbooobobbbbooobbbuoobbooboboooboooboboob
gboboggbbooobbooboobboobboobboobboobuooboobobo
gbooobodg

2. 0000000000

21. 0000000000
gooooobboboboobbobbboboboobooooooooooooooboobon
0000000000000 000000000O0000OD (9 8oooooooooog
00000000000 0ooo0oooO0O0o00ooooooooooooooooon 9 oo
goo

e LHUoobbbOOOOODLDObDOOOOODLODbDOLODODOOO

e o bbOOOOOODLDLDDOOOOODLDLDDOOODLOOOOn

14



gboooooobobooooobobooobooboobo 15

o oL bObOOOODLODLDDODOOUOOOODLDbODDOOUODLOLObOOUOOObDbODbDOOO
gbobooboooooon

gbbogdgbboodbbouobbouobbuoobboobboobobuoobboabbo
gboboboooobobbuooobobooobobuooooboboooooobooo
22. 00000

2.2.1. 00

gubogboobgooboboboobobo
gboodbooobbodobooboobod

AD 4M 5M
000000000000 000000000 / \/ \
O0000000000 10000000000 “1<¢/ SO
0000000000000 0000O000n oo

: ARV
gbbobooooobbobbooooobbb W/ \m
DO

0000000 0o0oooooo Dism 3 oo FPra——T
2.2.2. 00000
000000000000 0O00oO0oooooo
000000000000000000000
000000 1000000000000000 N Mo [
0000000000000 000oooon . / X/ Xﬂ
0000000000000000000000 &1 52 san T
00000000000000000000 mmﬁy/ A
000000000000000000000 \XQ(// \V>Q\><
00000000000 000ooooooo oo oo fo o )
000000000000000000000 At
0Ooo00o0o0oooooo

Oo0000000o00oooooooog O 22000000000000oo0dd
00000000000 000000O0o0on

0 1. 00000000000 8jooo
gbobobobooodn

000000000000 000000000 oo |50 2 150 240
O00000000D0000O00O00000O0O0 L) Mo M ™ e
oooog 2B g B g Mg
0000000000000 0000O0oO . - -
00000o00000000000000000 i o— = ——
000000000000 0000o0Ooooo 4| Qoo 7 s P s -
0000000000000 00O0oonoo
0000000000000 0000O0O0OO0 03 0200000000000

obooboobooboobooboobo
gboboboooobbbuooooboboooooobooo

obooboboboobobo20b010b0obobooboboboboobooon
OooQooOo0oooobooooooooAQDOOOOU0ODDOOO0ODOOODDOOODOOO
gbboodgbboodbbooobbbooobbooobooobboobbooobboobobo
gboboggbboggbboogbbogbboobboobboobooobooooboo 3o
gboooog

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



16 gboooood

O 1. 000000000000o000

100 200 300 400
b1 001 bo4 003 0O0O2
oo2 OoOo2 001 Oobo4 OO3
03 003 002 OgO0O1 OO0O4
obo4 0O0O4 0OO3 0OO0O2 O0O1

gbboodgbbodgbbodobbodobbuoobboobbooboboboobboon
gobobbooooobooilioboboooobobobbooooboobboboooan
gboboodbboobboobboobbobbuoobbooboboobboobobood
gboboggboggbobuoobboobboobbooboliboogoboobboobon
gbbbboooobbbbouoooudgobbbuoooobbbodad

2.23. 0000

gbbogdgbboogbbooobbobbuoodbboobboobboobboobboo
gboobobbuoobbuogbbobobuoobobooooobbuogooobooboonon
gbbogdgbboodgbboodobboobboobuooabboobboobboobboo
gboboobobbbuoooobbobooooobboboooon

g3tggbbuogbbuogbbuooboobboobbooboboooobooooboon
gbbbbooodgbbuoooobbbbooodobbbbooooobbboooobbn

gboooggbbooobboboooboooboboobboboboobooboonobo
gobboobogdgo

23. 000000

gooooobbbbbbbbbbbooboooouotbouuouuuuouoooooao
gbodbbodgggboogbobodgbobboooboooboogboooboobonon
gooobbobbbbbbbbobbbobbbbbbboooouodououooooaao
gboboogodgbbuogbbuogbobuoobboobobooooboobboobobboon
gobooo

gbooboooon

e UUOOOOOOUOLDODO
o LHUUOUOOOLOOOOOODLDODOOOOO

gbobobooooobobuooogbobooooobobuoooon
gbboodbboooobboobbobuooobbooobobboobboobbabb
gboboggbbooobbooobboobuoobboooobobuoobobuoonoboobobg
gbboodgubooobooobooobooobuoobboobboobboobboo
gboboodbboobbuoobbuogbuobboobooobooobooobooobo
gbbobooodobbbooodn
gboobogoboogboogbbooobboobuoobooobuooboooooboo
oboooobooboolgbog200b0o0obo0obobooboobobbobg
gboboggboooboobboobbuoobbooboboobboobooboobobo
gobodboodbobodgbbodobboobboobbuoobbuooboobboob
gbooggbobbodgbbuoobbuoobobbodbiggobboobobboonon

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



gboooooobobooooobobooobooboobo 17

00000000000000000000000000000000

0000000000000000000000000000 Schrijver[7] O Alfieri et
al.[]0000000000000 Cordeauetal. [3[40000000000000000
000100000 (5000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000 Schrijver[7]
0 Alfieri et al.[1]00000000000000000

0000000 [10)500000000000000000000000000000

. udubboouoaoboo
3.1. U000 oooooobooog

gboboggbbooggbbooobboobogbboooobbooboboonoboonbobg
gbbogdgbboobboobbodobboobboobboobbooboobobooo
gboboogobbuogbbuogbooboooboooboogboobboooobooon
gboobboobubbuobbuoobobooobooobbbobooboobboob
gboboggbboobboobbuoobbobobuooobbooobooobobooobobo
gbobbbooooobbbbooooobbbbooodad
gogooboobbobbbbbbobbbdddoooooooooooooooobn
gbbbooogbobbbooooobbboodobobbobuoooobbbuoooobboo
gboboggbboobboobbuoobbuoobbooboboobooobobogobobo
gboooog
gboobogbbogbbuoobbuobbooboboobogboobbobuoonooo
gbboogdgbboodgbboobbouobbuoobboobboobbuoobboabbo
gboobogobooobbodgbboobboobbuooogbbuoobboobboo
gbbodbbodobboobbodobbuoobboobbooobooobbodgabbo
gobobooooobobboooobboboooan
gbboodgbbuoobbuooboboobobooboboobbodgbooboboobobn
gobobobooooobboboooobobboooooboobo -0obbbuoooon
gbobobooogobbood
d.2. 00000000OobO
gboboggboogbbooobbogbogboooboooboooboogbooboa
gbooboggbboodbbodgbbodbboooboooobboobboobboo
gooobog
gbobodbbodgbboobbuoobbuoobbooobboobbooboboon
gobggboodgbboobboobbuoobbogooboooboooboogobbo
gbbboodgobbbuooobobbboooobbbbooodobbooooobbobod
gbobuoooobbobouogbuoooobbobobobbobuomouooobboooon
gbobbbuooodgboboood

e LHUOOObObOOOOOODLDODDOOODDLDLDDOOOODLOD
e oL bOOOOLODLOLObOOOOOLODLOOOUOOUObDbDDOO

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



18 gboooood

gbbogdgbboouboogboboodobboobbodoboobboobooboabbo
goo

33. 000bougaooon

gbboogdbboodgbboobbobbooboobooboboooboobboaobbo
gbobobooogobbbouoooobbboooobobobooooobbbooooobooon
gboboodgbboodgbbodobbooboobboobdaboboobboobbodabbo
gboboboooobboboooooobon
gooobobobbobbbbbbbbbbbbbbbbbbbbbbooooobbbb
gbobogdgbboggbboogobooobooobboobbuooboboobooboonooo
gbbbbooogobbbooobobodoooobbobooodobobbbuoooobbobo
gboboogdgbobogobboobboobbuoobbooboboboboobuoooooboooo
gbboodgbobobbuooboobooobbooboboooboooboboboob
gbobbobooooobbobbooooobobooooobobobod
ooobobobobooobobobobobobol1bobo20b0000000
gbooboggboboggboogbbogbbobbuoobboobbuoobboobboan
gbbogdbbodobbooobbuoobbuoouuobobooobooobbodgabobo
gboboggbbooobbooobbobboobbboobbuoobboobbooboboo
gbboodgboobbuoobbuodobbuoobbuoobobobboboobobobobboob
gbobogdgbboobbuooooobboobbuoobbboobbuoobboobboo
gbbboooobbbbouoooobbbooodabon
3.4. 00000
gboboggbobooobobooobboobuooobooobbooboboobbooboboo
ooobobobobooibboobobo1bobobobooobooooon 1bdiab
gbobobooooobbouoooobbbboobb22og0obbobooooboobobog
gbboobuodgbogoboooboooboobbboobbobobbooboabn
gbooboggboogboobboobboobooboooboogboogbooann
gbbbooodgbbbuooodgbbbooodobobbobuoooobbboooobboo
gboogbogobooboboooobodgbolggboag20b00bbaoobaoon
gbobbobooooobbobooooobbn
obooob4b000bo01ogboodsgoboob200boobooboobon
gbobobodbbodgbboobbuoobboobboobooobbodobbodabbo
gboboggbboooboooboooboooboooboboobboobboobobo
gbobboooobobbbooooobbboooobobbobobbobod
gboobogbbuogbbuogobbuoobooobboobbobuoobboobboo
obooboobooboobooboobooobobos3uguesbbobbobOn
gobbuoogogbobbbouoooobbobooooon

4. Uggg1: 00000
4.1. Jgdbobooboooooobbbodooan

000000000000000000000000000000 Beasley and Cao [2] 0
oogbooboooboooboboboboobobo 40b0o0booboboboboon

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



gboooooobobooooobobooobooboobo 19

04 00000000000D0000O0

gbbbooodobbbooodn

gboboogbobuogbobuogboboooboooboobbogbooobogoboon
oboooobobbobouooboobobuoobuoob-000b000DbLO0DbO0
gooboboooogooboago

gbboouoobboodgbboodgbbodbbodbbouooobobobboobb
gboboggboboogugbbuoobbuoobbuoobboobbooboboonooboobon
gbboogdbobooobboobboobbodobbbboobboobbooobboob
gbobobooooobbuooogbobbooooobobuooooboboooooobooo
gbbooodgbbuogbbobodgbbodobbuoobboooboooboodgbobo
goobogago

gigdgbobbodgodaobn

gbbogdbboodgbbodobboobboobboboobboobbooobboob
goooood

ooobobobobooobobobooboboobbooboboboboboob
gboboggbbooobbuoobbuogbbbooobooobooobboobboobbo
gboboodgbbooobboobboobboobbodoboboboobbbooboboon
gboboboooobbbboooobobbbooooboboo

gbboudgbbuodgbbuobboooboobuoobbobboobooboobobo
gboboggbbooobbooboobboobboobboobboobuooboobobo
gboboboood

g20000000040

gboboodgboogbbooobboobogbbbboobbooboboooboonbobd
obooobooobobooboboobobboobboobooboobooboobooboobon
gooooobobobobbbbbobbbbobbbbooooooooooooooooon
gbbooodbbuogbbuoobbuoobboobboobboobobboobobood
gboooboodgbboobboobboobboobboobboobbooobogo
gbobobooooobbood

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



20 gboooood

g3guubboboaodn

gbbogdbboodgbbodobboobboobboboobboobbooobboob
gboboboogobbogbigggbboooobobooooobobbooooobbod
gboboboobooodn

gboboodgbbogbbuoobuoobobuoobobuooobooobooobonoboon
gbbogdgbbooobbodobobuobooobuodboobboobooboabobo
gboboggbboooobooobooobbuoobbuoobboobobuooboboobobo
goo

400000000

gbbogdbbodooouobbuoobbuoobboobobooboooboboobo
gooobobobbbbbbbobtbtoutdduduoooooooooooooobon
gboboboooobbbbooooobbbuooobboooobobobobuoobbouoon
gbobbboooobbboodobbbbouoooobbboooobbn
gbouogbobuogbbuogboboooboobuoobboboboobooboonoobo
gbobodbbuogbbuoobbuoobbooboboobboobobobbobboob
gboboogdgbbogobboobboobbuoobbuoboobboobbuoobbooon
gooobbobbbbbbbbobbbobbbbbbboooouoduuouoooaao
goboboouoogobobooooon
gbbogdboboodgbbooboobboobuodboobboobuoobboobdab
gboboggbboooboogbobogboboobbodbbodobbooboboobbo
gbboodbbooobobbboobbuodobbuoobboobboobboobobood
gbooboooobobobooooon
4.2. JgdobooOobOoooan

gogoobobobbbbbbboobtbotoutduddooooooooooooooobbn
ooobdbobobobooboobobobobouoobL MObODbOoDLOOODOOODOD
gboobbbbuodgbbuoobbouobbuoobobboobboobbooboboon
gbobobooooobbboooooboooon

o oo obb1IoooouoooooDbn
oboobooobobob10b00b0

e NUODOODOOOOOOOOODODMDODODODODODOO

e NUOOOODODOOOOODOMODODODODOD

0000000000000 00000000D0oooooOooooOOoo [elo
gobooo

oooobobobodrn+10000000O0O0D00DOO0OO0O0ODORODOODODODOV
DDDDDDDDDDDDDDADDDDDDDDFZ-DDDDiDDDDDDDDDDF;I
gobob.00000000000000

OObO0¢,0000:0y00000000000000000000000000040
O00z,;0000 (4,j))000000000O000O0O00O 10000000000 01000
gbbooodbbuodgbboobbuoobbuooboobboobboobboobboo
goboooboooogn

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



gboooooobobooooobobooobooboobo 21

goo

minimize z = Z CijTij (4.1)
0ij0eA
subject to =1 i€V (4.2)
jely
Y awy=1, jeV (4.3)
ier; !
Z Toj; = M, (44)
j€lo
> =M, (4.5)
jery’
Tij € {07 1}7 (Zuj) €A (46)

041000000000000042000430000000000DODOODOOODO
obooboobob1boobooboobooboobol1oobobobom4.400
gbooobbooobboobbuoooMMUObbOooobooom4sobboono
Oob0oooboboboMbOOoOOoooooooo

gogoooooboobbbbbbbobbbodoooooooooooooooon
ooobobogobgol1bobooooboooboboboboob1oogbobooon
oboooboooboMOoboobooboobooboboooboobooboobooo
gbobbooodabbbod

5. bbb 2:00000
5.1. OO ooon
Oob00z20000000 100000 MMOO0OO0O0O0OO0OO0OODOO0DOODOODODOOOO
gbobooggbboogbbuogooboooboooboooboooboooboanbog
Ooo0oooboboboooboboobob1boboobooobob0o1oogoDMObDO
gobbbouoogobboooobobobooooobobooooobbooooobon
5.2. 00O
gobooo
poboooooorooooobobooloboMbboboboppOODODODODOO
ODO0FCcTUOODOODOOODLDOObOUOD 000 FDOODOqU2q03¢0.. 000000
oboobooboobobobboosooboog3sbobebbOooubO...0bbOD
gbooobogo2000bboobobuooboboooboobbobbdqbbboobn
obooobobooobboobbuooobboboobbooobboooboboo0o e
gooboooogooo
00000000000 1I000bO00bOobObOO0bbOd,0O0D!IOD0O0D0O0O00OO0
OmO0O00O0ODOOOOO0OOODOOOO0ODOO06qq 0000 EOODODOOOI0D0O00OO
ooboooo-1000y,00000000m0OOO00O0 10000000000 O0C100
gooo

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



22 gboooood

—== == go0oo00O00o00000
«--""" 0ooooooooooo
00000de=0
0000o00O0de=0O00O0

10 o—— 00 ——— 2

1 o— — —_ —

g s goooo

goo

minimize w = Z Z A Yim (5.1)

leD meD

subject to Zélk =1, keT (5.2)
leD
Z(Slk =1, leD (53)
keT
Zalélk =1, ke F (54)
leD
O + 5mk+1 — UYim < 1, l,m c D, ke T\{M}, (55)
5lM+5m1_ylm§ 17 l7m€D7 (56)
0w €{0,1}, leD,keT, (5.7)
yim € {0,1}, I,m € D. (5.8)

0s5100000000000005200000000000000000000DO0ODO
Os30dbbgbboobbobboobbobbobbobbbbooms400bo0obOoOonD
OO00D0O000000Db0b00o0obOooss00onoonlobobd mOO000 ym
O1gboobooooobobobuoboooboobosebobbobo MOOoboooooo
gbbbbooogobbbooooobbboobbobooodobobbbuoooobboobo
5.3. UOOUOO4ob - obbbuooobbbuooadob

gboobogggboogbboobbuoobbuoobbuoobooboobbuoobboobboo
gbbogdgbbooobbooobboobuooboboobobooobooobooboabbo
gboboboooubbooooboooobbbabboooobobuoooobobogo
Ooooobooboboobopbbobob0obobobobooobooooobooboooooDoon

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



gboooooobobooooobobooobooboobo 23

goooo goooo

s1=1 o— — —— $=0r*l | o0— —— —a

2 o———— — — 9+2 | o—— —_—

3 o—— — — 9I+3 lo—r — — —

4 o0—— ——— o— 00 — —a

5 o—— 00— — —a o—— ——

8 o— —— — 92=M o0— 00 — —4

10

11 o— — _ —A

91 o— — —

0600000000

OO00b00o00bb0a0000bbo0obbooobbo0oooo20000bbo0oobooOoOgbO
gbooboesbboogan

adbbbodgbbbooooobbbuoooobbbuoodobboooobbooon
oooloobooMMoboooobooobooobuoobboooi1oboboooboo
oboooboooboboobbb eoobbooobobOoobobOoboobboonobo
gobooo

OOo0OrO000O0O0O0O0OD0ODOODODLOOs,00D00D00DLO0g, 000D00O0ODODOO
gboboboooooboboboooobbobodobib gn+1=s, 0000

OO000KOOOOOOOs, 0 00 heKOODOOOOOODOOOOOg, 000 hKeK
ooboooboboooobooobbpp0bbOO0ObbO0OO0ODbbOO0ObLDbOOODbDOOn
gbbbbooooobbbooobbbbooooobbbooooobbood

minimize w = Z Z A Yim (5.9)

1D meD
subject to Zélk =1, keT (5.10)
leD
keT
> adp=1, ke€E (5.12)
leD
Ok + Ompr1 — Yim <1, ILme D, k€ T\{gr},h € K (5.13)
Oigy, + Oms, —Yim <1, Lme D heK (5.14)
ik € {0, 1}, le D,)keT, (515)
ym €{0,1}, I,me D. (5.16)

gsotigpoboobooboomscbobbobbobbobbobbobobobb

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



24 gboooood

Oos11gogboobobouboooboboboooobobobobsi2bobogoboan
OOobo0oobOoooooooboobooosoboooogoniooooomb00nDO
0 100000000000000000000O05,. 40000000 A0O000 g,00
gbobobooooboboboug sy bbbuooogbobobbooooboboooobobon
gbobobooodaboboo

6. oo
6.1. JOODOOgon

ooobdoboooobobobouooo4b0boobobobobooo200b00boon
O0000D00O0DOOD0OO00OO0 Pentium 4 32GHz2O0O OO 2GBO0O0OO0ODOOOOOOO
gboooggbodgbbobbuoobbuoobba20b000b 2000b0obooobo
gboboboooaabboo

6.2. 2000000000000

gboogdobodil1ooobb200bbogbboobboobobobooobobooobon
oboobooobgscoooboobos3sbobobobobobbobbo1obobob 20
gboboggboggbbooobbogbboobboobbobuoobobbooboanon
gbbogdgbooobbooobbodbooobobboobboobbooboabbo
goboboboooogobooood

gobo1

oobglgooobobobgoboobobobobooboobobobobob1b
gboboboogobbobuooooobobuooogboobbuoooon
oboo4000000000000DO0O00DOODOODOODOODOODO0ODO
oobod20000b0oboooooboboboooobobobooboobooo40b
gbobbouoooobbbbooobbbboooobbboooan
gbooo2

godb20000o00booobooobooobooboobboobboonn
oooboboboboobo40b0boobobobobooobobbboboobon
goboboogobobbe3dbbbuooobobuooon

0200000000000

0 0 1 2 3 4
0 O 0 429 506 640 471
0 0o O O 0O 1 2 1 1
0 O 0 1 2 1 2
000000000 10 10 7 12
000000000000 3 3 5 6
O O 0O 0O (O) 5 5 5 3
0 O 0 30 56 35 39
0 0O 0O 0O O 0O 6 12 7 13

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



gboooooobobooooobobooobooboobo 25

U3 00b0bboggdoooodogdd
0] 0] 1 2 3 4

oogo  300.7¢ 24.00 67.8° 954"
gooo 1.81  3.69 559 2.59
gooo 0~ 0* 0* 42.8
gooo 93.0 487 298 315
OooDo0O000kmO 300.7 24.0 678 138.2
gbbbooodgbob«=uogd

ooood1

oooo 2

6.3. U0ODOOOoon
gb1l1ggboo3gboogbooogbbooobboobobbuoobbuoobboonn
gogoobobobbbbbbbbobbbobobbodooo1bbbbbbobobbbbbbo
goooooboobobobbbbbbboobooooooououoouudooooooogo
goo

ooooo4000b00 200000 o0b0obO0obOobUObDbOObObOobDObDbOOD
goodbobobbboooooooobbbbbbbbbbbobbbobobbbbbboo
oboooboboooobooobobuooob400bboobboobbbooobLoon
oobdg200boboboboobobbobooobobobobobobobooobon
gboobooogn

ooboobo1o0bobobobg3bobobobooboobobobobooan
gbobogdgbboobbuoobbuoobbuoobbooooboobuoobboobboo
gbboodbbooubboogbobodboodbbodboobboobooboabbo
gboobboouboogiloogoboooboooboogbooobboobboon
gooo

gobodobddbodboooooogodgiodibdd o 000000, y;00000000
gbboobuodgbbuodobbuoobbbboboilgbboodbboobboobboob
gooooobobooobobboobbboboooooououoooooooobobbbon
Dooodood o 0b0dobodoodgboogbdoodbogooooogooaodn
goo

001 o;00000000000000

002 000qdb00b00oo0oododod 1agodibad

003 bODoobooboob4000000000100

004 0ODO0O00O0OO0OOO0ODOOODOOODOO0OO00OO00 200
OO00ob0O0o01ikmOO0OO0OO0ODODOOODOODOOOODODODOOODODOODOIODO
O000000000000000O00w;000010*000000000000O0O0O0O

gbobbbouooogbbobooooobbn
0]

64. UO0ODODOOOOOO

oo400000001b0bobooooobobobouoboboobobobobooobon
40000000

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



26 gboooood

O 4. 00000000000
g 0o 0 o 0O bOo 00

oooo1r O0oodd 95.4x%  95.4x%
ogooo 2.59 75.6
oooo2 O0O0O0 42.8 14.0
oooo 315 110
O0000DO0OkmO 138.2 109.4
doooooobooo«xoOooa

gooodooil1ooooooouooooooooououoougooooooooo
gbodbboguboolboooobuooobooobboodoboboobboobboob
gbobobobooooobboboooobobbooooooon

Ooboooobooobooboooogbooobo0oboboobooboooboon 30km O
gboboggbboogbbooobbogbobooobooobooobboobboobbo
gbobobooodan

6.5. U0 : Jbbbooodbobbboooobbbboooobbboao

OO000O0DOO00ADOODOOOODOBOOODOOOOODOODOODOODOODO
gbobogdbboogbboobboooboboooboobooobboobboobobo1
gboboboooo20b0booogbboboooooobon

Oo0O00O0O000OO00b0b0 ADDOoOoOOO0OoO BOOOOOODO ADBOOODO
gboobogdgbbguboogboobooobboobboobboobbuooobboon
oooblgoooobobobobooobobobobooboboboobobobon
gbooggbobbuooobuooobuooobooobooooboobboobuoonbo
gooo

gbooogbboogbbooboobbuoobbuoobbuooboboobooboobobo
gbboodboodgboodgbbbuoooboooboooboogbooobobooanbn
goboboooon

7. 00
7.1. 0000000000000

gbbogdgbboogbbodobboobboobbooboobboobuoobobobood
gbobobobooooobbobooooobbooooooobon
logoboobboboobooboobooboobooboobobooboobo
gboboglobogbobooboboooboooboooouooooboobboooooon
gbboodbboodgbboobboobboobuoobbuoobboobbooboboob
gboboggboboooboogbobooboboobbodboobboobuooboobobo
gboobobogobboooboodgbobodbbobooobboobboboobobood
gbobobbooooobboboooobobbooooooobon
gboodgbbudgbbuobbuoooboobobooobbooobooobbodoboo
gbobogdgbobboobbuoobbuogbboobbuoooboboobboooobooon
gbboodbboobobbuodobbuoobbuooobboooobooobobboob

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



gboooooobobooooobobooobooboobo 27

gbbbbooodgobbboooooboooobbobooodobobbbuoooobobobo
goboboogooboood

gbboodgboodbobodbbodbboobuoobbobbobobooboobbo
gbbogobuogbobuogbbuogbbuoouobboobboobbuoooboonoon
gbboodgbbooobbooobbooboobbbboobboobbuoobboabbo
gbooboooon

2. J0b000bO0o0obo0obOoobOoobOooboobOooobag

gbboodgoboogbbooobbodobboobboobboobbobbooboob
gboboggbooobboobbobbuooooboooboooboboobboobbo
gbboodbbougbbuoobbuoobboobboooboooboboobboon
gbobobobooooobobobooooobbbooooobbboooooobon
gbbbbooooobbboooobbbooooobbboobboboooobbobo
gboboggbooobbooobboobboobuooabboobboobbooboboo
gbboodbboobobbuoobbuoooboooboooobboobboobboo
gobobooooobboboooon
gboodgbooobbodobboobooboboobbuoobboobboobboon
gboboggbobooobbooobbogbbooobbooobooobboobboobbo
gbobobogobootoboooboobodbbodbbodboboooboabbo
gboboggbooboobboobuoooboooboooboooboooboonbobo
gbobbbooooobbbooodobboooobbbbooooobbn
gboggbboogbboobboooboooboooboobooboooboonoobo
gbboodbbodgbboobboobobooobooobooobboobboboob
gooooobbobobobbbobobboooboobobbbbbbbbboooooooobobn
gboobooboobooboobooboobooboobooboobooboob
gboboggbobooobbooobboobuobboobbuoobbuoobbooboobobo
obooboobooobooboobooboon

8. 0u

gbboogbooboobobooobuoobobbodgbboobboboobboonon

gbboodbbodbboouuoobooobbooobbodobboooobboob

gboboboooobbobooooboon
gbobbboooooboooobobbboooabboo

o oL bbbbbuooooobbobboboobbDbb
gbobbooooobbobbodoodan

- gboboodoboodbooobooobooobooobooobobboaon
gooo

- goboobobuooobbboooooboo

gobooboooogn

e 7100000DODOLOODODODLOUDOLOUDOOUODODODLODLOUDLODODO
gbobbooooobbbooooobbbodooan

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



28 gbobooog

gboboggboogbooobboodobbobooobbooobooobbodobobo
goboboboogoobbobogbbooooobboboooooboboooobobon
gbboodbboobboobbuoobboobboobobbuooboboboboodabobo
gbobobobooooobbobooooobobooooobobobod

gbboodbbuoobbuobbooboboobuoobbobboobooboobbo
gboboboooobbbuoooobobooogoooogan

gooo

[1] A. Alfieri, R. Groot, L. Kroon and A. Schrijver: Efficient circulation of railway rolling
stock. Transportation Science, 40 (2006), 378-391.

[2] J.E. Beasley and B. Cao: A dynamic programming based algorithm for the crew
scheduling problem. Computers & Operations Research, 25 (1998), 567-582.

[3] J.-F. Cordeau, F. Soumis and J. Desrosiers: A Benders decomposition approach for the
locomotive and car assignment problem. Trasportation Science, 34 (2000), 133-149.

[4] J.-F. Cordeau, F. Soumis and J. Desrosiers: Simultaneous assignment of locomotives
and cars to passenger trains. Operations Research, 49 (2001), 531-548.

b)) 000O0O,000,0000,0000,0000,0000000000000000
gooo0d.0b0oooooooooooooge4tdonooooooooot
000 (2004), 134-135.

[6] A. Mingozzi, M.A. Boschetti, S. Ricciardelli and L. Bianco: A set partitioning approach
to the crew scheduling problem. Operations Research, 47 (1999), 873-888.

[7] A. Schrijver: Minimum circulation of railway stock. CWI Quarterly, 6 (1993), 205-217.

8] (0)OOODODODODODODODODODODOODOOOO0OO000000oooooooooooo
(NTS, 2005).

O 0000000000000 00DO0000O0DODO00D00O0ODOO0- 0O0ODOOOoOo
000000, 49 (2004), 33-39.

[10) OO,0000,0000,000000000000000000O0O0000O00COOO
O0000.0000 0000000000, TER-01-54 (2001), 25-30.

o0 O

OOoooooooboboo

0 112-8606 O DO 0D O0ODO 5-28-20
E-mail: jun@prod.mng.toyo.ac.jp

©OoO0O0O0O0O000000000000 D00000D00O0ooooo



gboooooobobooooobobooobooboobo 29

ABSTRACT

A TWO-PHASE MATHEMATICAL PROGRAMMING APPROACH FOR
ROLLING STOCK CIRCULATION PROBLEM

Jun Imaizumi  Yuki Yamagishi Susumu Morito
Toyo University Waseda University

This paper considers Rolling Stock Circulation Problem (RSCP) in Japan. RSCP is known as a problem
to determine an assignment of rolling stock to trains shown on the timetable. However, previous studies
outside Japan cannot be applied to the case in Japan because the management policy for rolling stock in
Japan is different from those in previous works.

In this paper, we propose a two-phase approach to RSCP in Japanese railways. The problem is to find
a schedule to cover all trains on the timetable by train compositions, which are a minimal unit assignable
for each train and composed with several carriages. The objective is to minimize the total mileage of

out-of-service” which is train movement carrying no passenger.

In the first phase, one-day schedules for each train composition are found. This problem is to find paths
in a network, where an intermediate node corresponds to a certain train and an arc corresponds to a possible
connection between two trains and the source and sink are dummy nodes corresponding the beginning and
ending of a schedule for a certain train composition in a day, respectively. The problem is to find paths by
which every node is covered exactly once except for the source and sink node.

In the second phase, a schedule circulating these one-day schedules obtained in the first phase is found
by solving an integer programming problem so as to satisfy the constraints of the periodic maintenance.

Computational experiments are performed based on instances from lines in Japan. The results suggest
that our approach is efficient and effective. It can give good schedules in relatively short computing time.
Also, we show a minor modification to our approach for giving a better solution for a certain kind of instance.
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