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Robust optimization for intermodal routing selection of hazardous
materials under time and transportation risk uncertainties
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Abstract: To address the dual uncertainties of transit time and transportation risk in hazardous materials
multimodal routing optimization under carbon trading policies, this paper proposed a path decision-
making method based on hybrid robust optimization. First, a deterministic model aiming at minimizing

the total system cost was constructed by comprehensively considering transportation, transshipment, risk
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costs and carbon emission reduction requirements. Second, a box uncertainty set was adopted to

describe the fluctuation characteristics of transit time and transportation risk, on which a robust

optimization model was established, and a multi-strategy enhanced ant colony optimization (MSE-ACO)

algorithm was designed to solve the model. A case study of an enterprise located in a chemical industrial

park in Jiangsu Province verified that the MSE-ACO algorithm possesses outstanding robustness under

complex environments. The intensity of time constraints acts as a crucial regulating factor for path

decision-making. In addition, each uncertain parameter as well as their synergistic effects imposes

significantly heterogeneous impacts on decision results. Moreover, the influence of carbon constraints

on the optimal path presents an obvious threshold characteristic.

Keywords: time uncertainty; transportation risk uncertainty; intermodal transportation; carbon

emissions; route selection; robust optimization; multi-strategy enhanced ant colony optimization

algorithm
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Fig.1 Affected area of air pollution accident
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minC (x) = Z Z Z qd! X+

ieN jeN neA

Z Z Z qclf_llﬂzy;lln2+

iEN nj€AnyeA

DD AR e Y D D T

i€EN jeN neA i€EN jeN neA

Z Z Z qR;lerzYimnz_’_

ieN njeAnyeA

S5 S i

ieN jeN neA

Z Z Z qm:’I"ZYinan -0

iEN nj€AnyeA

i, K1) ~15) ., X(27)~(29), X
(31). R (32)Wor.

3 (45) 7% FE i) Az S KRS AN B E g H
PreR B, B A . Bis AR . 18 KU AR
A s KU AR . BRHEROIAS 5 85 AR

3 ZRMHEHWNBEREZE

(45)

1% 45 WUHE 3272 (ant colony optimization, ACO)
TE SR Ak e 5 ity 22 2R dz 6 A2 D0 Ak 0] R B A7 75 Bt AL
WG A S T B UG o A AN 3, AR A i Rl
o, JE I B R AR A R B AR S e I A )
R RS g PR A A B R S T B B
oAk Il @338 i LT 3 358 40 X% 40 WO 3k b A
etk a. i & Sobol J¥ 41 55 Tent IR i Bt 5 1Y 25
A, BRI UA f 2 TR A a5 Y S PRk A L B
S5 b, 5l A KA Rl AL ) R RS R R
o R REE T o FH B EN &SRR 5K
)2 2] DR R, A6 DR p WA S5 1 [) B 4 o fi
KEEE S

FRBGH AL BRANE

Step 1 ¥R tbS4K

S8 BRI G=(W,AE), BRI
ETEE . &, &, WO P, W Em, &K%
KRB Troax, FEIEKFRp, HEANHe. B,
BFER o), =00, FHIBFRR =09, Hip,
oo AR R BB, oIS ST, ol
AR SRR R, KA R 2E > fil R B

Step 2 BURFH AV IR L

2= 7P I A P IR A% . 8 Sobol J7514E
8 SR8 WEK) WG B A% Linie = (L1, Loy L}, WIR

AR S B H AR R A ] o AR AR I Y S 8l
1L Sobol J5* &1 W 56 B [0 2% 55 ki, 3k G 40) 46 A 4R o
o BEARTT BRI

Vi = argrvréi‘glnsj—xvn (46)

e ;04 Sobol FFAI s x, N1 sARKR
TRIEBLS P B . X B 2500 U5 42 L i Tent
R s)
{2xk+6,0<xk <05
X(k+1) =

(47)
2(1—xp)+0,0< x < 1

VP I 1 I A R T 2 45 i, A R A
VIR B AR AR A kpath | X T g ik (k = 1,2, ,m),
W B sk A, DRSO A, D%y
HIE 55 77 X ncurrent o

Step 3 7 miEREH BRARA A

a. AIATINORGE . AL SRIFI 2 2R Cia fi X
P PR A2 HRAE ) 3

b. RAEFERBERITR . 5 A a4t IR 5] 5%
AT B BEAL AL ) i v, SRR R 5 AAE ,
MR HEZREPE T RERE, BEORBEML I A v, Y
SRIRERET) .

U R RS AR

oI

(04
PR AL

e;fgelk(,«)
0, HAh
K o i) BRI BRI s ny o ie &K
FE s OV B kR 2T R b T LR Y
RS, ARG B Sl
1
nij = Cy (49)
TGRSR L R A5 BN R B B8, A SO
Jo KA Bt Ry AR B R, TR AR A AR
Cijo X T8 WMk, RIGREHE N ERET
— AN s TR e, R, R YR TR S|
A—ANFRBEN S E qo. 5k R RS T —
A, Bk A AR BV g, g1 €10,1],
HR R LE 5 gy Bl o R/ RIEBE T — % Pl
Mg >qoftt, BRI REREBME; Y
g1 <qo, WO AkZE kB A0 AW O AL R
W,
Step 4 FEAEHH S5EE R
X TR NG Wk, H R G AR kpath LS i 7

P = L jedM™  (48)
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A A Iode | AT S R B R R R,

BlEBR, BALGHMEZ T AMER R %
R B pHATIE R . oy =(-p)o,, FHBFRR

K1 = (L= p) k™ o R T Ak, AR AR A
WACHEBFER, o =0 +0/Ch, K" =i+
0/Cr, QME R R FEL

Step 5 JRi ek B AL

SIABEN = AR . e R kR
REHT, X Les NS :

Luew=Lbest + N(0,07), 0 = oripjge ™ (50)

Kb, ARSI, 47 C(Lnew) < C (Loest) »
WU EEHT Liest o

Gl ANBYE W F2 , X Loest = (v1,v2,+++ V) s

AR A AR L = (v’l,v’z,--- ,v;), Horr
Vi = argrvréi‘rll |(1 —xv,.)—xv (51)

PR Loest 1L HP AL o

Step 6 LS L

# Step 4 1 Step 5, EL B IA B FH Kk SR &L
Tmaxo FERFUGEACHT, 9058 ST 0 B A28 B LX)
I S NAS o i SE 4 KA A A etk o

Step 7 i AL E(AR

iy BT AT 35 A ) B DI B AR Lpest S X 1 1
BT Npest « A Crese . B HE LA Evest 5

HJ/oho

lily

4 EBSMEERTTIR

4.1 AERBEIEMKHE

NI SE I i 22 B AR P A IR, AR ST
PO IR AL TR X A Al IR 52 s aF o 34
bW RN e R e , H A T AN BRI s A i

345 km &
@
3‘5@\
@
S
&
h © £ 92
g SO
® 5 F 5 ki
>
%
=)
w7
7% )

171 km 385 km 7
@ 150 km @ 359 km

BRI, WERA G B ERAFRe e 456 4 ik
T 35 T 400 3 TE M) AR 56 SCRR ™Y, o e
S5 a 280 BE REORIE T AL =
B R E R G T HE SN R . Dozl — B i
(methylamine, MA ) T B4 B LR B M 5], Fa 8k
BE R, ik 2 froR. MZaE 1045 . 35
FOLHAT S 1000 RS 528, a3, 5.
6. 7. 8. 9 [FIEFE £ S ORI BR B S5, LAY
W 6, TH AT MA BRI W 20 4UA RN
SRz
42 EBiRkgEITLE

N AR S BB E 10 M, AR SCHR 8 A1 56 3C
BRSTSC I 25, WA XSEALE N m=200,
Tmax=200, @ =2, f=3, [AIEF, AR LEMREY
me B4 2 S BGHEAT R, AR E R RE L F.
TRIEBCS R o . = WA S IR 58 B o 5 1) 2
A fil A B AE Ko HAREE SR N pe{0.01,0.02,
0.05,0.10} .6 € {0.5,0.7,0.9} .ovini¢ € {0.3,0.5,0.7} .K € {2,
3,5}, BHSHELZ T 10K, Dt HARE .
S-SR B S A Bk Bl (AR 22 ) 4B W2 A0
$ebr. WG REW, 6=07. 0pni=0.5. p=0.02,
K=3 B B AE A L RSO S AR M 2 TRl
Rl . U2 % — R HZA S K
fift A TE Matlab2023a FREE HR S, XAk 28 5 1
NGRS o 22 NI AR e R R, 43 5 R
ACO Fll MSE-ACO XJ Bdls #47 10 WK Ml . itk —
AW 58 AN 00 28 K OF- X B AR SR B S R, AR A
X(23)~(25), HSHEHEMMAME I, &
AHEBE L =0,2.5,50. &=0,05,1.0, &=0,2.5,
50, ZIKE BN “REEES” B Wik
7 AR RS S, BT LARRE, Ao
2T A A EES A G I RX SR, DRR
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Fig.2 MA road-rail intermodal network
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MSE-ACO 7EA [ &-H27KFF iR i ak e 5 o 5 A — |y i dij
N N . el =L -025f —n,—n 025f, : (52)
SEVE. BSEH LT ACO 5 MSE-ACO 3% 4 %t T Ty v
FEAE R LK 1o R 1AL B4 R a7, MSE- (72 €[+ rq) ~0.255™ (1 + 1),
ACO TT fi %ﬁ% I?T+/§ﬁﬁ$ﬁﬁig'ﬁﬂﬂ: (I;V+rq)+0.25s7ln2(Z‘ZW‘FI’Q)] (53)
ACO, 3T LiRIEZS IR, J5 22 BUUE M 515
SOMHT IR MSE-ACO M 55— Kt 2 IT . Ry € [ plHi = 0.250] i, Rl + 0250 iy H
43 BEMEST Vi,jeN,neA (54)
[E v e i TSR 2 i 5] B e S SAETRE . MEREI R 0, HihZ
WESEI RS % E MR A% ER 25%,  H: m=200, Tnw =100, p=0.02, a=2, B=3,
55, 0 =200, KW EILEEN
Fx1 BERMEER
Tab.1 Algorithm comparison information
ACO MSE-ACO B 4L
5 & & & = — - — =
BB EEASE  BEs  RERRRAST B s BEAY% BT

1 0 0 0 35572.62 12.26 32376.02 13.44 8.99 -9.62

2 0 0 2.5 60104.80 11.46 53183.27 8.91 11.52 22.25

3 0 0 5.0 73990.52 11.40 73990.52 8.00 0 29.82

4 0 0.5 0 32376.02 11.48 32376.02 8.17 0 28.83

5 0 0.5 2.5 60104.80 11.46 53183.27 8.68 11.52 24.26

6 0 0.5 5.0 76615.50 11.38 73990.52 8.00 3.43 29.70

7 0 1.0 0 43594.10 11.48 32376.02 8.07 25.73 29.70

8 0 1.0 2.5 53183.27 11.40 53183.27 8.20 0 28.07

9 0 1.0 5.0 73990.52 11.46 73990.52 7.82 0 31.76

10 2.5 0 0 32376.02 10.66 32376.02 8.14 0 23.64

11 2.5 0 2.5 97381.35 11.30 53183.27 7.70 45.39 31.86

12 2.5 0 5.0 73990.52 11.39 73990.52 7.75 0 31.96

13 2.5 0.5 0 32376.02 10.69 32376.02 7.83 0 26.75

14 2.5 0.5 2.5 60667.87 11.35 53183.27 7.98 12.34 29.69

15 2.5 0.5 5.0 85763.12 11.11 73990.52 7.50 13.73 32.49

16 2.5 1.0 0 32376.02 10.75 32376.02 7.91 0 26.42

17 2.5 1.0 2.5 53183.27 11.27 53183.27 7.57 0 32.83

18 2.5 1.0 5.0 85763.12 11.39 73990.52 7.56 13.73 33.63

19 5.0 0 0 Teff 11.34 38048.80 7.42 — 34.57

20 5.0 0 2.5 o 11.28 88123.80 7.81 — 30.76

21 5.0 0 5.0 Tofit 11.29 138198.80 8.50 — 24.71

22 5.0 0.5 0 Teff 11.21 38048.80 7.63 — 31.94

23 5.0 0.5 2.5 o 11.29 88123.80 7.42 — 34.28

24 5.0 0.5 5.0 Tofit 11.30 138198.80 8.07 — 28.58

25 5.0 1.0 0 Teff 11.47 38048.80 7.48 — 34.79

26 5.0 1.0 2.5 o 11.41 88123.80 7.97 — 30.15

27 5.0 1.0 5.0 o 11.36 138198.80 7.88 — 30.63
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lo: 1 >N —> 2> N —> 4> K-
6 — Fhiz — B — 8 — Bk — 10

AR A B AR 1o S B . e e BRI 2 (23) ~
(25) B 52 Al E TR & &M & BUE XA
Rranget € 10,51 Rrange2 € [0, 111 Ryange3 € [0,51 473 4]
e . HEMETER B XA LLO0.5Ringet « 0.1Rrange2
F10.5Rranges N5 K AEATECE A, AR 52 B IR A 4L
P Bf (0] £ 40 A A S [RI 29 3K . T € [30,40], 2
PARFRI 3R . T € (40,+00] . R G5 A 1 72
SRS BUOR A 6 AR PR BRI AILET, A SCTE
U5 — S0 BEE T IT R 4 A URE BT 38 B (E]
5GBS PR R A R . S F R Y i
fi RS A M A B 52 ) L s B ) 5 5 i XL
W AN M R A S R S ) 0 A AR AL K AR
VPR BB RN o 45 443 BT 59 76 P A 5 SE A P S
AN FOE 5 P AT, DL A S B 1 o B A% 1k
B OBRAR U B A s HE R AR 1 S ) 22
S, PRI DG HE K 21 P 28 S B AR AL S5 8 (R f v
431 & H5aX BRI

HEREE =0 KT, e axt itk
Bel s . SR HE 121 AL, 9 kST 3B AT
15 IFHUR R, ICRZS R ILE 3. & 4 Fk 2,

JAAR/ 104 T8

GESRFH] . TESEMIRIZAR T, R EFRE.
Mg e [0,4.8]0F, AR IR RN 2 Kz B4R
1; Mg > 480, BEARDIH R4l BRIEK B4R 2, B
AT, R RS A T B HERRA T R
MHZT, exf e KOs A | KU A |
e HE TR AR 5% Wi B 5, AN B A I ) AR A
Ko RS AR, &5 & MBI Bkie 545
TS A e W B3N, e T IR ST £ 5k
AR 1, ULRIZIS AR T T B ks E
PS5 E

4.3.2 & 5HeX BB BEREI RN

HWEE =0 R, W & 5 X ERE
Bt . SR EE 2x121 41, HUEE T 15K
FERURARME, 25 ILE S FE 6.

TESRE I T 2R, & ATh 2 A AR D45 1 5C
HESH: Mé e [0,4.8]0F, RAREKAE N 2 2NE B
1 e >48 B, VAR 2. SI3GHN
W BT BB A, IR o B AR T
1O Jo B HEORAS T R8BI A B R X 2 85 1Y)
AR AR

ESEAABT 2R T, IR R R AR R £
KREGZ AR 1, RERGETERSR, B, & AR
B U808, &5 IR S R B A B KU A 1

1
1
1
1.
1
1

PRI ST Y
So=oibizne

(©) (&, &) BB TR AR HE A
B3 EREEARRE (G, BETHREEEZERA. RERA. BHEHKE

Fig.3 Total path cost, risk cost and carbon emission cost of the optimal path under strict time constraints and (&;, &) combination
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Fig.4 Total path cost, risk cost and carbon emission cost of the optimal path under loose time constraints and (&;, ;) combination
R2 BERRARER

Tab.2 Path decision scheme information

i =2 iz 2T 5
1 1—2—4—6—8—10 N N /N R A B e S g
2 1—3—5—6—8—10 R AR B — R — BRI R

BRE; MESHIKR, BASREBA -
T, mRRHEE A AR ERRE . IE 6(c) HIE 7(c)
IR /£ s @ N 1 T 1L P G U £ 7
A, WX E RS E R RS, BT
A G B R HE R IR AR BB, IFAE 2 il
20| P Pl 5 | A P A AR 5
4.3.3 & . &XTERARTERER SR

TEBEE S =0T, aieS & Xt s
B . SR 2x121 HEF, BAsfT 15 )If
BURMfE, 255 0E 7 5K 8.

TEJZAE PRI AT, &0 BMAS 52 i 5055
E 038 0 25 35 HE e B AR 5 XU A 5 B HE
OB AS AR R, KRR . FETEAN T
2R, &Mt —EmEs, sIe sy
SRS AR 1) IR Bh I . Bl &R, Bl
AR AR EE I, MRS B TIRS Bk
S, MR R AV, BRHEBOR A R A T

o
4.3.4 BRI 5 WAk S HO0 AR e B 0 BB 52 T

Ry i — 20 Ak A8 S BUSR R I AR R R Y 5
M, 6 PR 0] 2 3R 5 AN i Tl S5O AR 1Y) 2%
T, S5 3CHk [26], ASOERAE 5 i SHGHAT
st . diE R 2 5 4(c) kR IR S
WA REE S, AR 1 ( 20z %) 51Kk
PR 2RI = TR AT {EI

TR W 2558 355 AR 1) B BRAR 43 30l S i R Vs, ik
HE B BN E . Ey, BRHFOSA 53500 K
K>, WEEBRRACL FC2.H

Cpe=Vi-Ki, Cro=V2-K; (55)

F TP 2% A 255 I A0 1 G B A R 55 2% R T AR I A

feth
Cie=Cie

Y= 56
PEP e T (56)
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Fig.5 Total path cost, risk cost and carbon emission cost of the optimal path under strict time constraints and (&;, &;) combination
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Fig.6 Total path cost, risk cost and carbon emission cost of the optimal path under loose time constraints and (&;, &;) combination
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Fig.7 Total path cost, risk cost and carbon emission cost of the optimal path under strict time constraints and (&,, &) combination
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Fig.8 Total path cost, risk cost and carbon emission cost of the optimal path under loose time constraints and (&,, &) combination
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K, po W EEHERR AT

RAARSCEBZER . v =32376.029C, Vo=
38 048.8070; HH 4 foil%i i BUHE 15 Ky ~ 1.37x10% 5T,
Ky~ 1.00x10*50; w20 (56) Al 5 p* ~2.53py, 4
po=3JC/kghtf, p*=~7.597C/kg

SRR, EMESBAMT, X EEAR
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A B SEPR R BB UE TR SRk A st . FE
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a. MSE-ACO flt 144t ACO. ¥& 27 A AHi 2
ZHF, MSE-ACO ¥Jn] 4R15 Al 17f# , 1ff ACO 7£
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23 X 0] R 0~45.39%, “F3ek3E 15.2%, AL
RILTF 31%.
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