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Abstract

In the process of cold chain logistics distribution, achieving efficient and low-cost route optimiza-
tion under multi-objective constraints—such as reducing transportation costs, minimizing time-re-
lated losses, and controlling cargo damage—remains a critical challenge. To address the complexity
of multi-vehicle cold chain systems in real-world applications, this paper establishes a comprehen-
sive optimization model that simultaneously considers transportation cost, service time windows
constraint, vehicle loading capacity, cargo spoilage, and refrigeration cost. Notably, the model in-
corporates multi-temperature zone demand constraints and cold box configuration limits to better
align with actual business scenarios. To overcome the limitations of the traditional Ant Colony Al-
gorithm (ACA) in handling strongly constrained multi-objective problems—such as susceptibility
to local optima and slow convergence—a State-Aware Ant Colony Algorithm (SA-ACA) is proposed.
The algorithm integrates a vehicle state modeling mechanism (including position, time, residual
load, and spoilage), multi-temperature path evaluation, local 2-opt search, and a Top-K elite-based
pheromone reinforcement strategy, thereby significantly improving both the solution quality and
convergence efficiency. Numerical experiments on a representative cold chain distribution network
demonstrate that the SA-ACA outperforms the standard ACA in terms of transportation cost, time
window satisfaction rate, cargo preservation, and refrigeration expense, confirming its effective-
ness and practical value in solving real-world cold chain logistics routing problems.
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Figure 1. Flowchart of the SA-ACA algorithm
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Table 2. Customer node information table

F2 BRRERE

TR X A bR yARbR ERORIAI (] ERMEIRIAIS ] ORGSR AR R RURTIR
0 50 50 0 0 9999 0 0
1 37.454 61.185 63 123 14.541 7 4
2 95.071 13.949 144 204 12.283 8 8
3 73.199 29.214 97 157 5.382 7 5
4 59.866 36.636 64 124 8.77 6 11
5 15.602 45.607 121 181 7.049 6 1
6 15.599 78.518 127 187 14.219 4 13
7 5.808 19.967 136 196 8.236 7 5
8 86.618 51.423 111 171 9.08 3 5
9 60.112 59.241 89 149 5.846 10 12
10 70.807 4.645 134 194 12.224 9 3
11 2.058 60.754 129 189 9.712 7 1
12 96.991 17.052 131 191 8.731 1 5
13 83.244 6.505 102 162 12.089 6 4
14 21.234 94.889 73 133 10.455 8 6
15 18.182 96.563 75 135 7.121 2 6
16 18.34 80.84 138 198 12.36 14 3
17 30.424 30.461 109 169 6.194 4 12
18 52.476 9.767 90 150 13.626 3 3
19 43.195 68.423 78 138 13.836 5 9
20 29.123 44,015 64 124 6.342 4 4

DOI: 10.12677/0rf.2025.154212 263 LB SRR 2

>

B
2


https://doi.org/10.12677/orf.2025.154212

BRUKHE, ATk

TEAR SCREAL AR, 5 A0 B B R I T) FF) SR Sy b, LT T R o st vl R S SR e o TR
BEAE AU B 70 B R G P G A R (A iR DY ), IS T R 110 o AR 2 I ) U g R RS I A e . il
FiBEME ORI S, % R AR I B A 4:45, TSR B L%k I A N 45 23 eh. itk ST TR
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Figure 2. Optimal route assignment results of ant colony algorithm
(ACA)
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Figure 3. Optimal route assignment results of state-aware ant colony
algorithm (SA-ACA)
B 3. RSB BEA(SA-ACA)RMBEENELLER

Table 3. Detailed target value breakdown for the ant colony algorithm (ACA)
2 3. WEEA(ACAEEHFHBRED R

7255 1D e z IBfAs RREET AR R RA FCIEFERS
1 [0,15,14,16,6,11,5,0] 731411 155145 48.127 14.968 193442 155.145
2 [0,4,3,12,2,13, 10, 0] 658.276  138.690 40.880 22.845 172.001  138.690
3 [0,9, 19,1, 20,17,7,0] 910.236  155.076  100.504 50.384 242021 155076
4 [0, 18,8, 0] 538.471  130.814 24.846 0.000 120.422  130.814

Table 4. Detailed target value breakdown for the state-aware ant colony algorithm (SA-ACA)
F 4. RSB BB K (SA-ACA) & E T B R E 5 iR

A 1D Az z BRI WPRIEER O RHRA AA BN
1 [0,9,4,3,8,0] 577.484 114.158 37.651 5.779 192.411 114.158
2 [0, 1, 19, 15, 14, 6, 16, 0] 614.271 132.279 25.977 17.814 184.582 132.279
3 [0, 20, 17, 7,5, 11, 0] 707.431 158.992 36.953 11.187 181.701 158.992
4 [0, 18, 10, 13, 2, 12, 0] 630.770 146.932 37.329 0.000 144.144 146.932

BARKE, 4 3 45 ACA NN ] & 7% 111 5 B 45 A8 43 %l v 100.504 JGAH 50.384 7T, TfifE SA-ACA
N RFEZ 36.953 JuAl 11.187 J6, S HUIRZAS @A LKA R 1 RCISIN RS TR AR R . 450 L AE AR AR
5N KO R) B A8 54 )N 48.127 J05 37.651 G, INA BRI .

B S HA AT, PR EIEZE IR B, A 4 72 ACA 5 SA-ACA T IS A 4y
54 130.814 7G5 146.932 76, HIA A BN 120.422 705 144.144 I, USRS 52 4578 26 6 FLATIR
2570 B ZE SRS

EEHPRRE Z fH |, SA-ACA AL G R4 B AnE T Hil, BUESE TR A, 55 Bli& T 3945 .
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MEEZ R, ACA H 448 3 s HARME ik 910.236 7T, I Bk B HoAth 2249, S WiuAT 55 6r AN 24 1) )t o
ARG LU, SA-ACA T2 AR E T & TR b RE 71, RERETETH 2 IR 55 7 R B[R
R IS E A, e IRE T E et ST AT .
] 4 JEIR TR A BASORE 577 (SA-ACA) 5 Br tE U S VE (ACA) 1E A BEWY) I 1% A28 1 A 1] 8 R U ey
ettt BRI, PR SR AR AR R R I R SEa S, H bR R BUE BEIE AR B D T
T RE.

SA-ACA 5ttt ACA IKEIRILLE

—e— SA-ACA XUHINEF

45001 IR ACA

4000 -

3500 1

RILERE

3000

2500 1

0 50 100 150 200 250 300
EROREL

Figure 4. Convergence curve comparison between SA-ACA and standard ACA
4. SA-ACA 515 ACA WSS h &k 3t LE &

LibriE ACA HLL, SA-ACA TEWSIGE FE R R B 23 . HAs HARERAR, A=) ah i i &=
HE, A TR AR IR . ZERT 50 kAR, SA-ACA HFRMEPUE T I TRae, BT Bmm
LR RS FISSUSER . BAAFRE ACA MRS FEBUN AR, (ETE I A 22 8RR B 44 ff ol =373
T SA-ACA. JEHIEMRINZEIERY, SA-ACA B MME & TG, IRAEBAENHLH], 758
LZRIAET TR M. 27 b, SA-ACA TEVIGME TR . Wl A 2 RCR AR TRtk ACA, 56
ETHAEZ Hin. 2240 A BRI 0 T 1 R

12 5 JPIRZS KA U S5 (SA-ACA) 5 bR HEBURE 512 (ACA)7E [Al— SR 3R 55 T BSU X L o

Table 5. Comparison of experimental results between ACA and SA-ACA
2 5. ACA 5 SA-ACA MISCIRZER 3ttt

BRI P 1) 2 4 1) aeip il il & A fic %% FER i ESYERN
b (ﬁ(ixcﬁi)ﬁ i% 579.725 214.357 88.198 727.885 579.725 2838.394
PSRBTk
(SA-ACA) 552.362 137.910 34.710 702.838 552.362 2529.955
AR —4.72% —35.66% —-60.57% —3.44% —4.72% -10.87%

KIS S5 RRY], SA-ACA FEIZHEA . IR GG . SUHR AN A A Ts T R TFritE ACA 5
%, ZRE BAMEREK T 10.87%. b, I E B AN BT RS FEIR AR, 73508 35.66%A1 60.57%, ‘wanih
DA SHIEAE I 305 S5t & 2 77 T 03
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SRAVRZ H AR AR B JRR P, SA-ACA JEIZE &R R SR G EREN, BERA T RBUAERS
R4 Rt

iR RK, SA-ACA TEISHIAA . TeAAmkesaiil . i a] o 10 <5 2 S A BEFE 7 TH 00T 14 G
RS, BRIV BGRI) TREN A . S0, A AR TSR T f—mik o, HR
WRE P TRABIERN . RROFARATY BELZRETOSHEFROE LG5, Dat— DT

PO e B

SE 3K

[ 5, R, EEA. 5 ThE TR Rd SIS E G AL, A %B4), 2024, 41(5): 13-
24,

[21 ¥FEZE, XIEH, i FT OO N T RESIR R A SRR RS BR AR LA [I]. iRk, 2025, 48(1): 155-160.
[31 EME, T2 3T ouks e 5k R s W RCE s AR U ot 7 0], IREH, 2025, 48(7): 15-19.

[4] kEE BT SEHEARE A R P A BT LS B A UL R [D]: [ 2240183, KR it 4
K2, 2024.

[5] © FR. =TSO RO SRR BEVR B A AL [D]: [ 22 A0 5], MERE: 2B TR, 2024,
[6] Z¥AA, BIAUK. FTXUZMRI A BEVDIR G BR AR SO S 7E[3]. o E4i#iE, 2025(5): 183-184.
[ E£7, BiEte. FETBEFEERZ B SRR AR AL[I]. tHENLS A, 2024(9): 108-116.

[8] Wi, ZAAS, WR<, BMS, BFar, EAW. BREAIEME AR B RS MAL]. THENUR AT,
2025, 42(8): 1-12.

[91 WRfe. WA L0 R AR YRR B AR AL DT FE[I]. B abEOR 5 R HT, 2024, 43(2): 17-22.
[10] TR, 1RIQFE. BRAT HALE] T 25 % 7 il B VA BE VIR R 12 B AR IRAL 9], A ISl B, 2025(4): 48-61.

DOI: 10.12677/0rf.2025.154212 267 BE 51


https://doi.org/10.12677/orf.2025.154212

	基于改进蚁群算法的冷链物流多目标路径优化研究
	摘  要
	关键词
	Multi-Objective Route Optimization for Cold Chain Logistics Based on an Improved Ant Colony Algorithm
	Abstract
	Keywords
	1. 引言
	2. 问题描述与模型构建
	2.1. 问题描述
	2.2. 模型假设
	2.3. 符号定义
	2.4. 目标函数
	2.5. 约束条件

	3. 状态感知蚁群算法(SA-ACA)
	3.1. 路径构建
	3.2. 局部搜索策略
	3.3. 信息素更新机制
	3.4. 参数设置和终止条件

	4. 数值实验
	4.1. 实验场景设定
	4.2. 实验结果分析

	5. 结束语
	参考文献

