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Fig. 1 Main and top view of double-layer-crossbelt sorting system
in double-layer automatic sorting system
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Fig. 5 Heuristic algorithm based on column generation’ s solution
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Fig. 6 Mutation optimization strategy

TR b o R AR 0 4 0, X
R ST AT AS e, IR 7 R,

S TR R 5, TS SR ) S A
FIEGHE d,d, TR REROAM R O, i 8 .

B7 oyl B R

Fig. 7 Exchange optimization strategy for ’yﬁj

8 5, MK

Fig. 8 Exchange optimization strategy ford, ,

3 HEXE

3.1 #EREA

ARBFFEHTFHSLEF- A 19 CPU 4 Intel Xeon E5 —
2643 v4 3.4Ghz, NAEHN 256GB , ANAZALFELS R
Windows10 64 {7 4b B R 4. RIS 7E C# P SCEL, C#
JRA K Visual Studio 2015. i FHRRAS S K 12.6. 1 1)
Cplex JH TR A I o) i 1 RMP 5 PP.

AN 5T S AT A £ 3 A S =R
PR A OB 2 S BB = 0 22—, = Ah L



womo

¥

2025 4F 1 H
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11 89 H AR IR S LR R mIifi ol 1, 2, 3, 4,
5,6,7,8,9, 10 M YA H LA G, B
B oo mIa ol 21, 22, 23, 24, 25, 26, 27, 28,
29, 30 I H BRI SR gs b2 M 1, 2, 3,
4,5,6,7,8,9, 10 W H WL B H 4L 5.
B, i AT 10 A H b ALA 2 A P
A O . £ 15 T BB A
(1SG) S &, /INARLE G 1SG1 % 1SG3,
HABG KA E R, % 2 KGR ITE
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Table 1 Instance illustration

R (GRS e Ry | fasicd
ISG1 60 9 8
1SG2 90 10 8
1SG3 120 11 8
1SG4 150 12 8
IG5 180 13 8
1SG6 210 14 8
ISG7 240 15 8

3.2 EESBEILK

ARSI S SR . VNS ek
BEARUREL VNS Hf iR 3 i FE Y BB VNS 45 1k
VDU BT B 30 A B A R T A7 A B A AL S rh
A e AR AR AR, R AR B 5% BT ARk Th 4%
AN E U L, SO 250 S 50 A 7 S

R2 VNS BN R EE KRBT L
Table 2 Comparison of the iteration numbers involved

in the VNS stopping criterion

x| VNS A [5) 5% 1k o DU £y K gk i ]

B g Feom 131 (s) I3 (s) ls (s) 2] (s)

1 52 15 11 11 11
ISG1

2 54 11 11 11 11

1 83 37 25 24 26
ISG2

2 82 28 27 26 28

1 120 50 49 48 48
ISG3

2 114 78 77 73 76

1 148 138 124 122 123
ISG4

2 147 125 90 84 84

1 179 207 205 134 136
ISG5

2 184 321 138 135 135

1 209 599 233 221 225
ISG6

2 203 339 331 320 335

1 251 766 340 315 336
ISG7

2 253 619 438 437 445

i Fogyy #7RH VNS SEIL SN AT AT i 2R Je 8510 A iR 5
PRI s 1 L1y 15 oty SBIFAR VNS f52 0 M U T
HARWEH 1.3.5 AT HEFER.

22 XF VNS B45% 1k 7 D) i i S ik AR sk
AP, BT VNS H AR Rk A RO 5% L o ) e
W) 3% AR BUAR 5t 1 TE 22 51, TR AR F 5 oA X
VNS A REF QR B T35 50, AFFE VNS ik
BARUREICH 50 WK SEB 5 SR vT J, E VNS (1945 1k
HEWR B A R S LR AE 5 Uk AR AR & A AR
ARIUER 1F. Sk s 1 88 3 B, i PP AR R
THRIRRETE A RAFRRAAR , 2310 RMP IR iR 50
Z FECRARITRIRA ; kA KB 7 B ALY
TEARES ] P SRR IRT A (R R A SR Ao ).

2 3 %) VNS iR sl B i B A T 78
VNS AR 72 v, 285 6 J 350 5 A0 A 298 4 58, Tl
BEAILEAR — 17 s (H, #5007 SR TR st 2
() L, VDR 32 ) B8 e DLV ) s e, 5 DU AS B
HRITLG . BRI, 3R sl R B A R/ INAN S M 3
KA BE A | o o SR e S5 2 %) i (R 52 0.
P 3 A HYRE N 0. 2 IR A R e e, Y R
70 B, TR IRENE FEAR VAT, LB ) S 3B A
SRR, T B I RMP £ SR it B 24 o (i
90.5 55%0. 8 B, 23 FR =y S B AL A 9 R, 53K
VNS SR A ) AR 25 5 i SR gk o ],
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Table 3 Comparison of threshold values for VNS vibration processes

=x(]] VNS #i 3 i P A [7] (5 11 1 3K A Hsf [7]

MBS /Y Feom ty () | Lo (8) | tg5 (s) tog(s)

1 52 11 11 11 11
ISG1

2 54 11 11 11 11

1 83 37 24 24 26
1SG2

2 82 25 24 24 25

1 120 49 48 49 70
1SG3

2 114 75 73 73 76

1 148 131 122 132 147
ISG4

2 147 89 84 83 87

1 179 168 134 139 145
ISG5

2 184 135 135 136 202

1 209 221 214 224 318
1SG6

2 203 329 315 328 338

1 251 344 315 339 473
ISG7

2 253 484 437 437 439

T Fogn 2278 VNS SE055 BN AT 7700 i i f5 2 T80 A2 i 55
ERBIIRAAR; 1 (15 15 |1, 2P BIFRIR VNS HRghid #2 6
0.0.2.0.5 0.8 T AFERT.

4 X T RIAT AR A AR SR v i B R ARk
BOATING, SR BAE nT A, YA R i
RIERECH 3 I, BORBAE. 270 1 1, 0 7] RE
ToIER BRI, s 25 5 BN &5 77 A AN b 22
FANEAC LI, S BOR s ] k4. PR P Ak 3R
W B B R AR B 3 IR

F4 FITHROMRLREE R RXERXET
Table 4 Comparison of the maximum iteration numbers in the

optimization strategies of feasible solutions

Xl PRAL SR W P AN ] 5 R AR A SR e s [l

HBL 45| 1 (s) F, ty (s) Fy 15 (s) Fs

1 11 54 11 54 11 54
1SG1

2 11 52 11 52 12 52

1 26 83 24 82 27 82
1SG2

2 24 82 26 82 27 82

1 48 120 48 120 49 120
ISG3

2 70 114 73 114 75 114

1 121 148 122 148 129 148
ISG4

2 80 148 84 147 87 147

1 124 179 134 179 147 179
ISG5

2 125 184 135 184 141 184

1 203 210 221 209 214 209
ISG6

2 313 203 315 203 343 203

1 290 251 315 251 327 251
ISG7

2 421 253 437 253 470 253

L F, L Fy | Fs A2 ANFOR AT AT A AL S s P R AR IR B
1.3 F15 I S BB RACME; 1 L1y « 15 2 BIFER VNS PR35
B0, 0.2, 0.5 0.8 HEEAYFER.

HRAE DA 125 5 m] i, Y kAR ECH 50 W, 45
RS B ARl 5 W, IR Sh it B K i)
BIE A 0.2, AT AT A 14O Ak SR I v 18 g5 R 3% ARk
ok 3 RS AR d AE
3.3 AR

R T IAA IR R R R R e G 3
AT ] PR SR A AL R L, A 55 (8 Cplex
Xof JUT it 1) ) A TR A7 SR e Ry 5 (o B, AR
FERRI T — AN A (LB) . 78 Jit [R) RIS Y
A FEAE S H I H Y AR 55 06 R DL AL 3 558
A Y A T8 OC R TR B2 SO L 1 3 2 A
M, S LA PR s < A 43457 B S s H b 5 4y
ik A8 R DL A A SR RB ik L 1Y
H AR e T 38 Ui FE 8L P 22 BT 7 AR Y
Ay PRI B 1 X AR A 43T T A A ) A
e .6, M TIRRWEEREST o7,
B PRI A e % e SR A B R AT P s, U] R BB AE
of Lyl Bl T ERE RIS SR AR
55 ) U RN gap 1 K. HAEXT AR ARG S
FBRE 5> 5% IR AR REAH DG 2 3] i — 25
PR A, PRI T S ASE AR Sy 2 o3k D i) R A 2 e )
HH(3) SR (4) J5, PR A L v, B,
HEA TR, A5 2 ] AL Y LB, LB tiim it
Cplex FEATR AR, SR AR B 5 AH$2 i (7] 8150 70 B Sy
TV AE 3% 525 A /N BS54 1SGl,
ISG2 1 1SG3. Cplex LB 5 AHiff 58 B3k Z A1 19 He
RGN 5 PR,

TE/NRBE BT, Cplex HLRE XT3 43 44 461 34
TR A, 2GR O, Cplex JG 32578 /NI A 2R
75 5L 1) AR R S G A | A IF 5 R R ) T AL A AR
(LB) 7ER fige o B - B2 it ] SO A0 H H b (H
JINT D) RS TR ASHIF 5 B i ) Y R T8 AR Y
Ja KA BAEE I, 1SG1 1 1SG2 E &L T
5 Cplex ¥ gap PR457E 1. 20% AT, It HL 3R i
FEMT Cplex, 5 F FHBIAY (LB) MY gap PRFFFE
1. 48 % AR B0k T %5 i A A5 Fn s s . A
X[ R P SR A T R 0 =2 S5 T B 1 1) SR A
R LT Bl SR G AR R ] 474k
T P A B4 b ok e B 8. 7 B 49 MRS Ol 1SG2 N
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RS e W oRe FH DI I RASE AR (%) SRS (LB)
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BRI TIEAN . NFE 6 HhnT LU W, 7 KB
SEgR BT AR B IS & ORI SR i a8UR
B, 5T BRI (LB) M 22 BE R R TE 4. 93 % LU
AL BRI RT A7 Ak i 3 e A8 A 3 SR i s (] £4 B
55T Cplex AJATAR N5 DL K A3 I Cplex 7]
AT A B R g I T, O HSR A o2 it — 35 i
] LA 5 T 8 P A B 3 o oK T i 1 A 2
BRI R 6 T D TR AR AR Y oK i 2
A RCH P ) X T ) AR AR B S TR A
AR, IF HAE K ) 8k 47 v 474k
BF, FE LR UE K A 5T & 1 A48 T A SR T Cplex, M
AT AT R TSR A o

AFRGHE 8 Mt G, 7E 1SCT ha Mt &
SRR 30 4, — 6 A S HERSHLAR A 58

B — LR A B R B . i e 6
FREE D R O 2 A SE D R AR
T T s SE R, WAt & 157 BOICER i 75 i [
210 s. ARG 3 RS R K
630 m,BHJE N 2.7 m/s, B EE - 158
IFIRIA 117 s, V0052 B A G 22 1 0454 55 1 1k (1]
327 s, 01 5.5 min; #57RELEE A 3402 i (]
h 234 s I WISE IR 3 AT 55 B TH] D 444 s
RI7. 4 min, REEEASHEUALZE 1 504550 B (a1 249
6 min ~8 min. 7EEPrBITIREE T FEARHLIR B9 AL
BRI G I, AR AL PR T R 5
B, ALK AL AR B8 By S8l A 7404, TRl &R
ST AR —HER B (R 6, R — Ak
FEERES  ARHER R RS H T —HER
SRR B R S, IR I S R A
R sy S AR REREIR S OITA & e o N S
FEoristE.

R5 INET Cplex, FREBMEFIERNBRXEETL

Table 5 Comparison of Cplex, LB and column generation-based heuristics in small-scale instances

=Xl Cplex LB CGH + Cplex CGHA + Cplex CGHA + ¥
KA G5 F e Lpier (8) Fp Feen teen (8) | Feonm teom (8) | Feom togua (8) Ay Ay
5-1 55 207 54.20 55 32 55 10 55 13 0.00% 1.48%
5-2 57 161 57.00 57 27 57 8 57 13 0.00% | 0.00%
ISG1 | 5-3 52 153 52.00 52 22 52 7 52 12 0.00% | 0.00%
5-4 53 190 52.26 53 51 53 10 53 13 0.00% 1.42%
5-5 54 182 54.00 54 38 54 10 54 13 0.00% 0.00%
5-6 83 3612 82.91 84 93 84 32 84 40 1.20% 1.31%
5-17 83 4103 83.00 83 151 83 40 83 28 0.00% | 0.00%
ISG2 | 5-8 85 3220 85.00 85 128 85 31 85 28 0.00% | 0.00%
5-9 89 3 466 87.98 89 111 89 38 89 29 0.00% 1.16%
5-10 88 3 558 88.00 88 121 88 45 88 40 0.00% 0.00%
5-11 — >7 200 119.00 120 269 120 100 120 107 — 0.84%
5-12 — >7 200 122.00 122 375 122 103 122 53 — 0.00%
ISG3 | 5-13 — >7 200 125.38 126 304 126 94 126 54 — 0.49%
5-14 — >7 200 123.00 123 372 123 116 123 58 — 0.00%
5-15 — >7 200 125.33 127 313 127 131 127 79 — 1.33%

E: Foper ~Fin «Feon ~ Feonn ~ Feonn 7PFRRH Cplex | N FUEAY BT 91 4 8 & Uk (VNS Bk Cplex AIATALNIGE S 36 T8 4=
AR VNS Bk S0 AT A0 35 3 T 90 2L R PR AR B B R 5 Loyt Leom ~ Loomm ~ boemn ST IR Cplex T3 A
BRI (VNS Fk 5 Cplex RIAT AN 5 2 T 1) A2 A S0 A1 VNS B30 5 MU AT A7 A 26 T 91 A R 2 3+ 53 RO AR I

A FRFEITIFEERY Cplex FTREERAIMN B2, Ay, =

- Foom — F
lﬁ%, ALB — L('H; LB .
LB

FC(,'HA -F

Pt s Ny FORFLIL P45 5 5 F SR BT 15 45 4L A0 A %

Cplex
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Table 6 Comparison of LB and column generation-based heuristics in large-scale instances
X1 LB CGH + Cplex CGHA + Cplex CGHA + HLiu
U”Jﬁ éﬁ"% FI,R FC(;H "(I(,'H ( s) F(J(;HM t(f(,'HM ( s) F(J(;Hn [(I(,'HA ( S) AI,R
6-1 152.29 155 792 155 259 155 132 1.78%
ISG4 | 6-2 149.00 150 866 150 182 150 93 0.67%
6-3 142.00 149 902 149 198 149 91 4.93%
6-4 178.00 178 1124 178 399 178 215 0.00%
ISG5 6-5 173.00 173 1395 173 368 173 149 0.00%
6-6 176. 85 177 1389 177 377 177 153 0.08%
6-7 198.00 201 2923 201 777 201 239 1.52%
ISG6 | 6-8 189.00 193 2734 193 785 193 242 2.12%
6-9 190.00 192 3063 192 878 192 247 1.05%
6-10 242.00 246 3512 246 1277 246 337 1.65%
ISG7 | 6-11 246.00 251 3768 251 1234 251 371 2.03%
6-12 252.00 257 3795 257 1 467 257 482 1.98%
FE Fpo ~Fin  Foen ~ Feonn « Foem 277N Cplex [T AUREY S T84 i IS K 0L VNS 503k 5 Cplex AIATAL N5 46 T3 42

JCRYFEEE A VNS 005 S R T AT A0 95 3 T 90 22 R R AR B BRI 5 e  Leom ~ Leomwr ~ toemn F3 IR Cplex T3 4 i
BAJR R RETE VNS $i0k S Cplex RIAT AN 5 2 T 91 A2 A S5 A VNS S35 5 MU AT A7 AL 46 T 91 A R 3 2 1+ 5 RO AR I

FLB

A,y FOREEPUFPETEL (CGHA + MU A FE T P2 505 i RF 1)) BP9 45 2R 5 R SR IT A 4 R AR IR 22 A = Feom = Fus

3.4 BRESH
XEFAREA TR RGeS s 0 G
BRI 1, EDRE T A 2R e i w5 R0 R n]
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Fig. 9 Relationship between the numbers of supply stations and sorting system throughput
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Fig. 10 Relationship between the numbers of sorting boxes

and sorting system throughput
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Fig. 11 Relationship between the numbers of destinations
and sorting system throughput
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Parcel sorting optimization for double-layer automatic sorting systems

ZHEN Lu, TAN Zhe-yi, GAO Jia-jing
School of Management, Shanghai University, Shanghai 200444 , China

Abstract; With the rapid development of e-commerce in recent years, the delivery orders of parcels are char-
acterized by small batches, multiple varieties, frequent orders, short delivery cycles, and high precision re-
quirements, which requires more efficient sorting operations. Logistics companies have gradually begun to use
“double-layer automatic sorting systems” to improve the sorting efficiency and shorten the sorting time. In or-
der to further improve the sorting efficiency, the “group sorting” strategy is recently adopted by some compa-
nies to improve the pallet utilization. This strategy combines multiple parcels with the same destination accord-
ing to certain rules, and then sorts the normalized and standardized large units. This paper studies an optimi-
zation problem related toal locating packages, pallets, sorting boxes, and supply stations in a double-layer sor-
ting system considering the group sorting strategy. An integer programming model is established, an efficient
solution algorithm based on column generation is developed, and acceleration techniques for pricing problem
are implemented to further shorten the solution time. Experimental results validate the effectiveness of applying
the group sorting strategy in a double-layer automatic sorting system. In addition, based on some sensitivity a-
nalysis experiments on the proposed model and algorithm, this paper proposes managerial implications for tech-
nology adoption and equipment setting in automatic sorting systems.

Key words: double-layer sorting system; group sorting; sorting optimization; column generation; integer pro-

gramming



