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Abstract: For dealing with the green two-echelon multi-period vehicle routing problem with flexible time windows
(G2E-MPVRPFTW), this paper establishes a mathematical model with the objectives of minimizing the carbon
emissions and maximizing the customer satisfaction, and proposes a hyper-heuristic ant colony optimization algorithm
(HHACOA) which combines the K-means clustering with time windows (KCTW). Firstly, according to the complex
characteristics of the G2E-MPVRPFTW with the large scale, multi constraints, and strong coupling, the KCTW is
adopted to decompose the problem into multiple subproblems. Thereby, the complexity of solving the problem is
reduced. Secondly, the HHACOA is used to solve the decomposed subproblems, and the solution of the original
problem G2E-MPVRPFTW can be obtained by merging the solutions of these subproblems. In the policy domain of the
upper layer, the HHACOA generates different permutations of 9 neighborhood operations, and uses the ant colony
optimization algorithm (ACOA) to learn high-quality permutation information. Based on the reconstructed transition
probability matrix, new permutations are generated to effectively guide the search to reach areas where the high-quality
solutions are concentrated. In the problem domain of the lower layer, the HHACOA utilizes the heuristic rules and the
random method to generate the initial population, and uses each permutation generated at the upper layer as an
algorithm to act on each individual in the population, so as to search more different regions in the solution space.
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PHE™ o 58 kk AL B H I I AE T 5 Ohens 17
B, S n, s R EE (I 2.2.1 77), T e %
SelectOpe(PH™, kk) (RSP BRI F .

step 1: ¢y = 0.9, num = 1, HFEHL 7= 4E— A
AT [0, 1] FIRESE .

step 2: WIS r > qo, WX 4] (1) 3 7 10k 25 0 [
P AT R A AR, 133 O,

step 2.1: A= i BEA L # e € [O,Z Pt (kk, h));
h=1

step 2.2: #rr € |0, Pfj_l(kl; 1)), WO,y = 1,
F#E 2 step 4

step 2.3: 47
num num-+1

I € [ijf;—l(kk, By, S Pk, h)),
h=1 h=1

MO, = num + 1, I 2 step 4;

step 2.4: num = num + 1. WH num < n, — 1,
N %% %2 step 2.3.

step 3: U1 v < go, M I B max(P% 7 (kk, 1))
(ERSINAETIE /S [0

step 4: HH O,exe -

TEULHIRZ, N T 1T E P 2 P,
AR A — AN BRI EL. T2, B
AMAPHE" A4 BOG BRUNT .

step 1: ®u={1,2,...,n,}, PH"H—NT)F
F, kk = 1.

step 2: NEE B ut BENLIE I — P F1ENO e,
34 PHE (Kk) = Oy, kk = Kk + 1.

step 3: 4-PH=" (kk) = SelectOpe(PH=", kk), kk
=kk + 1.

step 4: Wk kk < n,,, = step 3.

step 5: % tH PHE™.

224 KRB RBRK SRR

ASCAEARJZ 0] BRI T ) 9 Fh AR A 3
TR T RN N BHRAE, BARRR W

1) LLN, : T ¥ 45 N AR AR A e A . MAREAS
i (RIER A7 51)) B AL £ — 2k T 2512, S h
RPN P i 5.
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I T E BB EANBERNE LK IR TOEERR S AN EIREERA 751

2) LLN,: B2 A FH AR e i /E. WKE
AMEFRENLE R — % FIEE, ZimE P EEHDA
FHARE P 95

3) LLN,: T B2 N2 P46 N E. MIRE
MR RENLE R — % TR, BHAEE—ANES
S NZ TR I HAME S A .

4) LLN,: TBANMEZ R 1A ERE. MEZE
AN R B B B — 2% 7 B A, AT AN AR AR
F G T i LT AR AT A

5) LLN;: T B 42 N &30 7 #/E. WKZE AN A
BENLIE S — % THAE, M H PR —BE P W55
BLZT 3 TP HEATE T HE.

6) LLN;: FE 122 (i L& A2 e B 4. K Z
AN AL B 5% 1 A, AR R LRI R,
B THRETHIEE—NE RS 50 — %1%
AR R — A% i 5 AT A He.

7) LLN,: FEER 2 0 2% F e WIKE
A BENLE PR 5 T B84, TR R LRI IE T,
B—%TFBeEPIER—NEr w550 %7k
AR FEAL R g 5 347 2 e

8) LLNg: F B2 Z A H i N4 WIK)Z
AN T B AL B 5% 1 B AR, AR R LRI SRR,
B THRETHEE—NE N RSEAS—%T
A TR E.

9) LLN,: TR M 2 & P NEAE. WKE
AN Hp LG 1R 2% T BR AR, TR R LR ISR AE T,
W — % T AP IR RN MR P S im A 7 —
FT AT RN E.

2.2.5 HHACOA #if&

FTLLEA%Z, HHACOA Ky EARFRERE A .

step 1: K 2.2.2 T 7%, MIIRALE m,
() 1R )2 S SR R PH, LA KA A, (ARG 2 1) /8
W PL.

step 2: THE PL MR B ARE, FH5E T Ik, ik
PL A ) BLAS SCHC AR, 4 BRI AR mg 1 E 55 i 42
PLy pureto-

step 3: {4 F PH Hp &> AN 4G B ) — F 51 41038
#4E (LLN, ~ LLN,), MKW PLy, et TR
P THEAT BT

step 4: X EEHT G I P Ly, e BEAT SCHE G R 4
Wi, 977 3% H ELAS SR AR, KA GRS, IR E 95 R AR
PLy poreto; T8 P A2 PLy e (1 51 J2 AN M, BR A
PHE T8 5 2 SR WS IR A S 3 VR P B A
B R S B RE (2.2.3 F5E 1) #4)).

step 5: FEALAPLy pureto FIEH (Mg — my) IR, 13

B (my — my) N ME @ MRS EHE); [ 2.24
5 FTHE H LLN,  LLN; LLN; /(AT & —Fl, XX
(my — my) AR IEEAT FHRLERAE ; B 15 2 8T Sk
5 PLy parero TG I, 1E ¥ —APL.

step 6: K 223 W58 2) ¥4 ik, £ m,
AN 1 2 SRS S PRI AN, S BRX P I BT

step 7: T & 753 B 2B 4. 5 RIB B, I #E
2 step 2, T3 W PLy, o TP KT R H F3AE.
3 EZBEHEST
31 ZBHRE

% ST AR B 4 % T Set2 A1 Set3! Setd!!”,
Sets"™ LA Sz Set6!™ fI#54> S45, 3t 30 41, A
[ R AV B 22 g o R ALl AL [R] B, 28 S
R [20-21] 7592, A B8 2% I 28 B ot 40 ) ) ] 34
. 204w 5 1 5249 AT LE https://pan.baidu.com/s/IRNA-
3bPSzMzrlgddViXMxsg H N (FEHUY 66s)).

TR EE S FIE R RE, AR SR R AR
B IGD™ MR HV ™ AR bR AT

[PF™|

pA

IGD = = 44
PF] (44)
PF|

Horp: PR N AR Pareto BT HTTH b R 5E S, PFR
F— BRI B AR B R, d APF A AT
FIPFHRAMRM /AN LEBIEE, v, N5 % 5 (R
SCEBUT A L PE 5 2 i) FIPE A ER i A A4
PR AR AR . AR, IGD B HE /N HV IR R 8K,
RRFFIIPE RE AT

B b, A SCHT A SRR Y B Matlab2022b
RFE S, #:4E 24t N Window11, CPU & 2.50 GHz,
WAEH 16 GB. fEMAH, BT A S5 SR g S
B 355 ST 32 AT 20 K, I H AR IR I8 AT B A 3 N
(ne x ng x 0.1)s. A TIEMW R, 1ER 2 |, BNE
155 IO P e A 5 SR PR R
32 S¥EE

BTSRRI 2 K 11 A 1.2 TR
") G2E-MPVRPFTW #8435 J¢ () 18 & S5 B
wb=0.25, sev, =20 min, sev,=8min, v, =60 km/h
v, =30 km/h, ¢, =1.02, ¢, = 1.41 x 107*, ¢; =
8.4x107¢. % 2.1 1 KCTW f KISk Fimaxgen
=50. [A K, i% F Set2a E-n22-k4-s6-17. Set6 B-
n76-5. Set5 200-10-1 =ANFER R Rk uk $ s by
I 55 /N T ORRURE ) A, R SR e R U
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®2  KCTW BYMEIEMIRAER

TR e - HHACOA_KA HHACOA_R HHACOA_KCTW

IGD HV IGD HV IGD HV
Set2a_E-n22-k4-s6-17 21 2 1.95e+07 1.51e+04 2.32e+07 2.32et04 6.36e+06 8.99e+04
Set2a_E-n33-k4-s1-9 32 2 1.58e+07 7.07e+04 1.72e+07 1.24e+04 3.79e+07 8.52e+04
Set2b_E-n51-k5-s2-17 50 2 7.18e+06 4.01et04 1.40e+07 5.61et+04 9.88e+06 5.73e+05
Set2b_E-n51-k5-s6-12-32-37 50 4 1.11e+08 1.56e+05 1.96e+08 1.81e+03 6.87e+07 1.30e+06
Set2c_E-n51-k5-s2-17 50 2 6.66e+06 2.72e+04 5.29e+06 1.61e+04 1.05¢+06 5.17e+05
Set2¢_E-n51-k5-s6-12-32-37 50 4 1.15e+08 8.29¢+04 1.73e+08 7.79¢+04 1.37e+08 1.44e+05
Set3 E-n22-k4-s13-14 21 2 8.78e+06 3.26e+03 1.07e+07 5.44e+03 5.31e+06 5.79e+03
Set3_E-n33-k4-s16-22 32 2 3.47e+07 3.65¢+03 3.62¢+07 3.13e+04 5.53e+07 5.06e+04
Set3 E-n51-k5-s12-18 50 2 1.21e+07 7.52e+04 1.90e+07 2.46e+04 2.13e+06 9.22¢+04
Setda_InstanceS50-1 50 2 1.94e+10 1.17e+06 6.58e+11 0.00e+00 2.34e+10 7.52e+05
Set4a_Instance50-19 50 3 2.76e+09 4.00e+06 1.38e+12 0.00e+00 6.99¢+08 1.59¢+06
Set4a_Instance50-37 50 4 6.91e+10 3.36e+06 1.46e+12 0.00e+00 6.85e+10 3.37e+06
Set4a_Instance50-1 50 2 2.76e+10 7.55e+05 4.08¢e+11 8.68e+04 2.07e+10 9.42e+05
Set4a_Instance50-19 50 3 1.45¢+09 1.68e+06 1.43e+12 0.00e+00 2.01e+09 1.73e+06
Setda_Instance50-37 50 4 1.18e+09 1.52¢+07 7.01e+12 0.00e+00 2.11e+09 6.21e+06
Set5_100-5-1 100 5 8.68¢+08 8.39¢+04 7.20e+08 7.93e+04 7.57e+08 4.53e+05
Set5_100-5-1b 100 5 6.28e+08 9.86e+04 8.52¢+08 5.10e+04 2.46e+08 2.44e+05
Set5_100-10-1 100 10 1.74e+09 1.44e+05 4.00e+09 2.67e+04 1.59¢+09 3.51e+06
Set5_100-10-1b 100 10 2.05e+09 1.37e+06 4.12e+09 2.54e+06 1.18e+09 1.11e+07
Set5_200-10-1 200 10 1.29¢+10 8.08¢+05 1.67e+10 1.24e+06 9.27¢+09 4.69¢+06
Set5_200-10-1b 200 10 3.48e+09 1.65e+06 6.60e+09 7.68e+05 3.09¢+09 8.60e+06
Set6_A-n51-4 50 4 6.66e+07 1.06e+05 1.68e+08 1.13e+04 1.13e+08 2.61e+05
Set6_A-n76-5 75 5 6.15¢+08 7.83e+04 9.08e+08 8.05¢+03 6.22e+08 2.63e+06
Set6_A-n101-6 100 6 1.58e+09 6.66e+05 1.50e+09 8.86e+05 1.32¢+09 1.66e+06
Set6_B-n51-4 50 4 6.53e+07 1.97e+04 1.13e+08 1.79¢+04 2.31e+08 1.18e+05
Set6_B-n76-5 75 5 4.46e+08 3.25e+05 6.41e+08 4.28e+05 6.24e+08 1.26e+06
Set6_B-n101-6 100 6 1.73e+09 5.74e+04 1.79¢+09 1.19¢+05 1.37e+09 1.97¢+06
Set6_C-n51-4 50 4 1.46e+08 4.77e+04 2.45e+08 2.14e+04 3.06e+08 1.80e+06
Set6_C-n76-5 75 5 7.84e+08 9.96e+04 9.49¢+08 4.11e+04 5.20e+08 1.19¢+06
Set6_C-n101-6 100 6 6.46¢+09 3.00e+06 8.83¢+09 2.14e+04 1.77¢+09 5.80e+05
average - - 5.18e+09 1.17e+06 4.13e+11 2.20e+05 4.69e+09 1.92¢+06

(design of experiment, DOE) ¥ HHACOA ] 6 ~F %
S % B A m, =40, m, = 40,a = 2, 8 = 2,rho,
0.7,rho, = 0.9.

3.3 IHF KCTW RIA ¥tk

T EIE 2.1 75 KCTW A5 R, # HHACOA
KCTW 5 HHACOA KA fl HHACOA REAT X L.
Hor, HHACOA KA S F) F H DLEE 85 A HREAE 1) K-
means 5L % T BEAT IR, FH8H HHACOA K
HHACOA_R & B ALK 2 77 43 Bl 45 vh e i, 70
HHACOA Rf#. Frfgillilgh Rk 2 fos.

H 2 2 7] 41, HHACOA KCTW ) K #5745 5
#HLT HHACOA_KA, & B [F] I 2% 18 FE B8 Al 7] &
PIANREAE ) KCTW, 1] LLTE & B b Ry 25 A e 3l 43
Bt % /7 1 HHACOA KCTW 45 B L4 it T

HHACOA_R, KBS 5 7 4 Bo 4 Hh % ik 1) 77 20
MELLG] G HHACOA A R 45 v X 45K,
3.4 I$E HHACOA KCTW WA %tk

NEGAIE i Y HHACOA KCTW (#1432, K
HHACOA_KCTW 53K f# 2 H br ] #3128 Ji A A0 5
% NSGA-II"™, MOEAD"”, MOGLS™, SPEAII"”
HBEAT XS B O T IR A SR B R, 43 4 il N B
RS Set2aE-n22-k4-s6-17. FREEAUE S5 Set6 B-
n76-5 AR AU LB Set5 200-10-1 K & 5L SR I
RS RS AE, WE 4 FioR.

i1 & 4 7T LAA H, HHACOA KCTW 3RECHI Al
FfRERE FERVGE R, B TRy A BMA EE
0 R e b f T R R ); R, B S A RS
(AN W7 189 K, HHACOA KCTW 1t T He Al 5922 (1) B
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