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Multi-objective optimization of low-carbon intermodal transportation under

dual uncertainty conditions
Guo Junhua, Miao Wanying

(School of Transportation Engineering, East China Jiaotong University, Nanchang 330013, China)

Abstract: For the low-carbon multimodal transport network under conditions of uncertain transportation demand
and transportation time, considering factors such as waiting costs, time windows, and schedules, the problem of
multi-objective optimization for container multimodal transport network is explored. The robust optimization
method is adopted to handle the fluctuations in transportation demand, and Monte Carlo simulation is used to
represent the uncertainty of transportation time. Mixed time window constraints are incorporated, and a stochastic
robust optimization model with economic cost, transportation time, and total carbon emissions as optimization
objectives is constructed. To improve the convergence quality of the algorithm and maintain the diversity of the
population, an improved adaptive fast non-dominated sorting genetic algorithm II combined with multiple
crossover and mutation strategies is designed. The improved NSGA-II algorithm effectively handles the
multi-objective and uncertainty issues in the optimization of the freight network, providing decision-makers with
a comprehensive perspective on costs, time, and environmental impacts under different robust levels, and
demonstrating the potential and effectiveness of this method in solving complex real transportation problems.

Key words: integrated transportation; dual uncertainty; improved NSGA-II algorithm; robust optimization;

multi-objective optimization

gy EIREIR (O THERE AR (i BN o 4 S R T S R i LY, WA I R 4 [ B T 3% 2 1%
EAEK . 2 AL R, BRI S T 7 KR BN S E MR 3R, SXHgii Ty S se
BRPAT ORI R 2 T4 Rk, TSI KRG EN AT LA e, St R A& S
ATEREVE R AZ AT 4R

ks EE: 2026-01-13
HEEUIH: BXRARFIHIEETE (52262048)



SN

FE A2 2 T % R B A2 M ) R, A 9 E B 2 0 5 SR AR A8 48 2 T
FRIFHEL. MO AR, SHRE. T IR, S5 2 RIS e R i S
SRAFTEDI SRR WM. FAZAYEL 1 410, SUN 2502 EFRp OB 7 RERBE R 4 P 10 27 10 % sz
GARALIIR, =05 B TE BRSO 75 R B RO MRS AT B R s B 55— IR 5 B B
BOHUSI R, MOZBEHLA R IO F AT 0~1 BARIRACHI, SUBMPEE, ABIE S 5 01 R AR (LI
W% SRR B AL 0 EE TR R s 5252509, Wenjing Guo 481714 8 Biz it 2
PRI, HFST T IR R B O AL R it BESE S ) S BRI T B4R ). e ()0 A
Wi R 2 TR BRI (0550 6 SBSE BR A2 DAL DB, BTSN, 22 RB b % B BRI i
BA I i, Ao UL ILEIE U RR R, BB . L RER . SHE R
LI 2% P sk 3 5 0 o 52 %+ BaradaranZsl 100 Hi = el 5t T4 2/ 0 6 0 1) 47 11 0 42
SR s R A1 )5 = A BRSO B i T S B R B PR, ST S B O 5 0
RIS RS BED; I 2 VR T ol RN B P T2 1 T RSB P

CRPEERN, ZHE R LI, AR AER LR ARFIRRT 0 3R fo &,
AN 1] S % IR T A (R . SRR S B F e FL R R — FLME U, % Fl A
% SRIBEZ 1 R 7 v —Pareto i, T ACBUAHINE FL KR, 132 REF T % H AR fb i AT 701,

s LTk, FE AR 2 RGBT BIR T — RS AR, R
e ER I R R B s S 5N s BB R, 0 SCHRIST A 9 00 5t AL 7 5 0 B A
e G e e T L IE I e PR . SR T, R SOW R A T GRS RIBE % 4
FROCAL. 2 FEBERBRA, It [ R R I R AER R AR 4 A 0 43 A o R B A7 R
1,57 FF - S5 0 565 S5 T DB S S e I ST DA 45 2 B B O3 4 1
g, VRHUBEHLEHEORAL 5% bR NSGA-IIFLE IR A2 R, o B2 2% P T S JERVRIIN ]
YIS RBEE R R 5,

1 [R5 RE A E
1.1 [e)RE R
NN E R A BT PEA SR I BAT IR AR S, WIS e KR R A
FE, COSHis A/ B b K S EHeT [ f  a R Ak B AR e SEAE TR — AR AR T )
MRS RISIE R H s, 7 mfs A e A S oA, Bk KIS i o5 IR SRR I ], RS sk
o 15 L G ) 7 o
1.2 HERIE
% 18 3 2 IS SEFR G HUANE T AR BOR AR, PR AL R a0 R B
1) ARG IE] — 5 mAb i 2 AR — Uiz i 7 s AR B AR & R 1 rh e P
2) ikt higdied, AEERYNIFE, WA &R 7,
3) RIS KBRS K [ E BEIIVE H T A s R
4) BRI T AL SRR R 308 f e 7 R Re I 2 LRI B,



SN

1.3 HFS5TEUEA

®1 SHFSHH

Tab.1 Explanation of parameter symbol

e 5 SR ]
N BN A
A S B
M T R
C SEH SRR
T b ]
0 SEHTRH R
0 SEHATE 52
D SEHAT 5528 4
hii, B, hi,jeN
h,i BB, hied
k,l,m SRR AR 3 Mk T R, k,,meM
c T2 T, B BT 2 5 0 2B il A
1
c T2 T, WA R0 24 A0 51 A
2
, SRR IR RS I ISR A
o FORPYIZIE 5 T RO kB R I S b R A
p WS S BUR T IIBEAY, B 90 T8/
cr, FORBEE hyi 7], TRk R A
dy, FORBBL N1 W, BTk RS
v FoRIZ I TR
[T T SR B B ITHI BB 18] 596
£ BRAIE 5 A B I TR
Wwh FOR BB § NIRRT N k $e ] I AR 1)
gk FORPMIZIE § 5 SINIZ T R kB R 1 150 S PERS [A)
t, FoRH B h, 1 EHTT Rk RIS i
£ FORPMIIZ 2 T 5 SINIEH TS ke B4 1 IS 1 B e B )
E,. BT
E, BRSSO IR HE e 4
e, BB b, ERFAER Rk 0 R
o FOR PRI 5T RN kS R I A S PR T R 2
Xy, FORIEB b1 FRRIETTARk N1, RZA0

TR S T Nk el A1, 2R 0




ARSI K AR

14 THESHAE
Z BT R AIBENA 2, 2T Soyster. Ben-Tal fil Nemirovski [ T.f, Bertsimas f1 Sim 7E
21 WA T —E 2 WS A EZRDS), ZHELL K BB HI N, HERASEI RR E

BHKTPIRESHT,, KRG AEES B AN U 08 5 SRR B H S MR, RN

maxC' X
st. Y ax +zl,+) p,<b Vie[M],
JeN] =
z+ p;=a;y, Vjeld,ie[M], D
- ySxsy, Vje[N],
l=x<u, Vje[N],
pl.f>0 Vjed,ie[M],
¥,20 W €[N,
2,20 Vie[M].

Hot, z R p, REFIRAME MR B R, 4, RERSNE, x NPSRR, v, WIS,

KISRERI% (Monte Carlo) T VAU 18] AN E 1, il 45 & BELEC S B3R A b i F s R B
R AN E kRt E R R L, AEACAL H AR AR 2 0 K, Gl [ R RBOSE T o AT RFAE R

YN H A BAE R A 1T 18I MR L= A 7R & HTIEUt,” i ] ¢, BEE R T, Y
R T AN BOE RIS, 2&0b, BUSHART3ME T 1N T LM, a8 iE 5504
N - —
T~TN(T,(T0') ,aT,bT)o
1.5 ZRBEMEERZET
L RIKIEMLY G=(N, A,M)H, N AVEELjeN), ANEHEEEs, hicd, K
b M ohiEE T RES, Wk ,meM . W5 T ERIGIT, 8l =gy L2 miidi, A 2Ny

SATHRRA, AR M AR, BREC 5 AN (E, )-p, BASHE WL HRRECH

act all

ZZZQ d, X, +ZZC” “+ZZc3w”y“+clmax[ TS—T),O:|

mlnC Q heN ieN keM eN keM eN keM —E p (2)

+c2max[0T T ]+pZZZeh dk " +pZZZe“ i o

heN ieN keM heN ieN keM
min7 = > >t xf +szztu A1+zzzwk1 ki 3
heN ieN keM ieN keM leM ieN keM leM
IninEact:Q(Zzzehl hlxhz+zzzek1 kl <4)
heN ieN keM ieN keM leM
LR

mln\zzzthtxht+szztkl kl+zzzwk1 I<Tmax (5)

heN ieN keM ieN keM leM ieN keM leM



ARSI K AR

kil _ s | 4k ki
Wil = 0, 5T =, +th,i +Qt[ (6)
S0, B o
Li=d 7
Zx,f’if Zxﬁj: 0,i#0. i#d. ieN
heN keM,,; JjeN keM, _Li=0
x,<l, keM, M, eM (8)
keM,, ;
> D WS, hi,jeNk=l 9
keM,, ; 1eM; ;
Doxp+ > x =2y, VieNk#lLkleM,, (10)
h,ieN i,jeN
k1 _ ki
XpiXi g = Vi (1
kol
Xnis Vi 6{0’1} (12)

R () NBIEBREA, WBERIEN. BB SR SURIEIR (A TR A, AR
LAURREA: R (3) BRI R (4 SRR R (5 REBIIE, X () AL
Fls 58 (7) FRW AR R (8) B R BRIURA | SRR R () MR
PEHEL 1 R 100 BRI R SRR EG R D QRER0IELENE: X (2
PR AR
2 HEUKAR
21 FWERE T SRBIE SRR HORE

PSRRI R B QR — AR B B A # ), B O €[ 0— 00,0+ a0 | Jh 0
R BKAR B B R R, o 9 UG T (00 RO A BB AL R E U @ R W S
acU=[a<T0<a<I|MLi. Gt LR, BREIRHILRE, FHERREIE T AR

KRN
zz Z c:,id/,:.ix}‘:.i + Z Z Zc,k'[y,k'[ + z z 263 (S,U - t; - [r,:,f - ( 13 )
heN ieN keM ieN keM leM ieN keM leM
MinC = (Q+ aQ) (Q+ aQA)tI.‘")yf" +e max[(TS —T~),0]-¢—c2 max[(O,f—TE)] ~E,-p
+PZ z z e:,id:,ixz,i + Pz z z ef’lyf’l
heN ieN keM heN ieN keM

WRE O EEARHE, BT ERM, AT QT IELISE, R Y AR

o SEEERRIM R RREE, K& ,E, 6,8, & —RAMBER, SINMBIRELE )y, Ry=a’,

méin{fl—kl"ﬁz} (14



ARSI K AR

22

zzzch dk k +ZZZC“ u+zz L’a( tk 72th./) Ky (15)

§‘+§Z é heN ieN keM €N keM leM eN keM leM . A o
c,max[(T T),O}rczmax[( E)]+p22NZehd +pZZZe

h keM heN ieN keM

EZy00Y. > > i ye, (16)

ieN keM leM
&,6,6,=0 am
B2 2 et 2 2 B e 2 2 B b i, —o (18)

MinC = +clmax|: }+c2max[(O,i‘—TEﬂ+pZZZe:’ldﬂ k +pzzzem Kl
E,-p+&§1TE,
Ags: R 5~ a2 . X as) ~x an .

Kﬁ)‘ﬂ%@e[Q—aQA,Q+aQA] M8 R BN E T5 R, IR YR S S U B4 i e 4 AR gE

(A, TR BN TR
MinT = {ZZZthlxhl-i-ZZZ( p z,’jj)yl."”} (19)

heN ieN keM ieN keM leM

ZzzehdA k +Zzze// //

heN ieN keM ieN keM leM (20)
MinE,, = ZUOWINICA S RLOPINICA AL ID I AR A BT AED 2
+max heN ieN keM heN ieN kedt ieN keM leM
ot +zzzek/ 2
eN keM leM

ZIH AT
E+EZOC Y Y et + 3D S ey 1)

heN ieN keM ieN keM leM

£,,&=0 (22)

22 HHEERRIT
22,1 BetufRgifd 5 MEEvIG L

KHRURASE K SR s A fis iy sGHE AT et ik gnt, il 1. RABUE AT s, JF
BEAT HE R ERAIRAE, AR ZE S 7 SR AT AR A KB 7 PO A, 8 DR AT A R R 7 A 22 1) ) 2341 B
5.

< R <+ LR 72 >

alecalislialuc ol losoaealocalicaliaalicalcal calicalicd

< e IRPY < B ———
E1 &S 4mEE
Fig.1 Simple coded graph

222 WEHAES BEMNAX
D T2k HA Sk
FE NSGA-II S5 R 5 T A EHE 10 AR BT AR, Se 255 20 /7 BT B T+ 0 A HE e



FHRAE AR SCRCR P 5 TSR PR
2) HE@EMNAX . AR

FHERAE X p, « A RHER p, i NSGA-I Hi%HE A M CHS UM, BE TR T2 5
s, BRI A i O

p. =mean (pci),l?m =mean (pmi);

P (fovs = 1)+ Pea (Sors =/,
L ( fﬁ ni L
| Palle S P )
Y A——p A (23)
Pui\ S = i)+ P\ S = /o
o ( f£ mf Lyt
: memm—fD+pm(ﬁ—ﬂ@)f2#
f maxi _fani e

3) RN, AR

AR I ST X BB YRR T REIA Y. ROGHBYS5ER, THE
MR AR AT, R R 0 R B 2% B R R B AR
3 EHIRfR

N T RSB ek, % SUNI2 U Seik 9 91, K T % sUIBOE S35 M I 4% 0 P 2 i
T ARSI 35 MBI, 69 FBMBEL, WA A, BB K= RIERH T .

Y

k,1,m’
k,l,m 24 k 1 ,m

klm 13
k 30 kl

RO
@:m@\@ klLm \d klmj l;g klm

10 }k,Im 14
m@ klm—» 20 klm23
klm
kl@ k.l 11 kl k]
k,l,m (}L k,Lm,_ 28
kLm kLm
klm Q/

—k> NHIEH — 1> BREIER—m> KEEH
2 ZHEKIB ML
Fig.2 Intermodal transportation network

3.1 EHIHE
Z AP FLE 70 h WH MM R O I8 B4 1 Do 2/ K IN 8] % 9[20 h, 60 h], $2HTEZER
FIE R BAALAFAE AR 10 76/ (h-TEU) A1 25 j6/ (h-TEU) , #k. /KESHEHAP A (0 AL R AR 12
76/ (h'TEU) o % “ LIgRRIRAC S " SoRtBm ARdE 1GR3 5 B, T s ) Bcin 9 90 Jo/fi, ¢ B fjk
A ATSY 1000 kg.
WA ERRSENREL, T EREEESERREIRE, KBRS GERLE 2) .



ARSI K AR

FHRSCHRBT I S P 1 Bda h R ol 451 mi Y Sz B A, 3t — P @ AN R is k07 QU s th e iR 5
WA R ERR 3)
x2 THWBSH

Tab.2 Transportation parameters
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Tab.3 Transferring parameters of each transportation mode
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Tab.4 Departure time of each transportation mode
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Tab.6 Single pareto optimal scheme for each scenario
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Tab.7 Partial pareto optimal solutions for each scenario
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Fig.6 Target fitness analysis and frontier number
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