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Abstract 
The model of e-commerce multi-warehouse service in one region has become a trend of 
development, and the differentiation of customer needs restricts the speed of order 
response. Given the situation that the inventory of a certain warehouse in the multi-
warehouse collaborative distribution mode of the e-commerce platform cannot meet the 
demand of a certain order, the shortest distance order splitting principle is used to 
establish an order allocation model while considering the minimum amount of goods 
transshipment, and the order access sequence with the lowest cost is arranged for this 
allocation result. The simulation results show that the solving method based on column 
generation theory and genetic algorithm design can obtain the optimal solution, and 
through the analysis of the influencing factors of cost, the method of improving 
distribution efficiency and reducing cost is discussed, and the e-commerce order 
splitting is of practical significance to solve the problem of multi-warehouse 
collaborative distribution path optimization. 

Keywords 
E-commerce Platform; Order Splitting; Multi-warehouse in One Place; Collaborative 
Distribution; Path Optimization. 

1. Introduction 

In recent years, the e-commerce industry has developed rapidly. According to statistics, the 
national postal and express delivery enterprises in 2021 on the day of the shopping festival 
handle a total of 696 million pieces of express mail, future growth is normalized. On average, 
the logistics cost of a large online supermarket in China accounts for 58% of the operating costs 
per order. The modular layout mode of multiple warehouses in one place on the e-commerce 
platform improves the efficiency of order matching with warehouses, and reasonable order 
splitting can minimize the impact of time, location, etc. on transactions. Order distribution is 
the first link in the order processing of e-commerce platforms, which is directly related to the 
effective implementation of the subsequent entire order fulfillment process. The optimization 
of the multi-warehouse collaborative distribution path of the e-commerce platform under the 
multi-warehouse model of one place should consider the order distribution between multiple 
warehouses to achieve the optimization goal of cost reduction and efficiency increase in the 
logistics industry.  

2. Literature Review 

The research literature on e-commerce order splitting and multi-warehouse collaborative 
distribution has gradually increased, mostly focusing on the discussion of order fulfillment 
costs, delivery costs, shortest distance, the minimum number of orders, and maximum 
completion time; there is also optimization of order allocation tasks from the perspective of 
order batching and collaborative production. Most of them use heuristic algorithms to solve 
order allocation problems and path optimization problems, and less literature research column 
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generation algorithms, combinatorial optimization, and cluster analysis, and greedy correlation 
algorithms to solve order allocation problems. 

2.1. Order Splitting and Multi-warehouse Collaborative Delivery Issues 
Lin Changhui [1] processed e-commerce orders and planned vehicle paths with short delivery 
distances as much as possible. Zhangyuanyuan[2]proposes a method of order splitting and 
distribution with low fulfillment costs and high customer service quality. Yang Mingxing [3] 
through the principle of dividing orders according to category and quantity, a model of order 
processing and path optimization is formed, which is composed of two goals: the lowest total 
distribution cost and the minimum number of orders. Zhang Dezhi et al.[4]Aiming at the length 
balance of the driver's working line, Zhang dezhi et al. discussed the multi-objective path 
optimization problem of splittable orders under stochastic demand. Song Shuanjun et al. [5] 
calculate the complete cost of package consolidation, the distance cost from warehouse to 
distribution center and between warehouses, represent the cost of different order fulfillment 
strategies. Greedy algorithms are used to solve the proposed order fulfillment strategy 
selection model. Shi Jiaxin et al.[6]used the theory of batch sorting in groups to establish a 
sorting model for urban delivery order distribution that optimizes loading and distribution. 
Kewei Chen et al.[7]proposed the multi-warehouse collaborative distribution vehicle 
scheduling problem and a hierarchical multi-structure enhanced calculation model, which 
provides a solution method for complex scenarios for actual transportation problems. Jing 
Wang et al.[8]proposed a collaborative production planning model that integrates order 
segmentation and production planning decisions, which is used to determine which orders 
should be split, and the proportion of each order processed by each enterprise, and optimizes 
it with genetic algorithms. JianLinFu et al.[9]aimed at the minimum of maximum completion 
time and delay penalty costs, studied which batches should be split, and established 
mathematical models that optimized task order and rationally allocated order batches. 

2.2. Solution Methods 
Shan Zhu et al[10]proposed a heuristic k-link clustering algorithm based on multi-commodity 
order distribution to optimize the product category assignment among multiple warehouses. 
Yuankai Zhang[11]used order, warehouse, distribution station, and vehicle as constraints, and 
the optimization objective was to minimize dispatch and path costs, and the heuristic algorithm 
solved the order distribution problem of one-location multiwarehouse type online 
supermarket. Chengyu Bai[12]solved multiple D-W decomposition models with column 
generation algorithms to analyze how to develop reasonable batch plans for multi-variety and 
small-lot customer orders to match the batch production patterns of large production facilities. 
Shang Yu[13]established an integer programming model to study the order allocation problem 
of customer orders with flexible variety demand and designed and developed a branching-
pricing algorithm based on column generation algorithm to solve it. Shan Zhu et al[14]designed 
the PLBH-LNS algorithm based on commodity correlation for the storage layout of multiple 
warehouses in one place and a large number of orders with multiple items, using the theory of 
combinatorial optimization and cluster analysis to minimize the order splitting fulfillment cost 
as the goal. Zhong Liwen et al[15]proposed a greedy correlation algorithm considering the 
problem of inter-item relatedness and prioritized the allocation of single items with strong 
correlation in the order.  

3. Problem Description 

In this paper, we study e-commerce platforms to set up 𝐖 integrated warehouses in a region 
and sell 𝐊-class goods on their platforms. Since the area of each warehouse is different, there 
are different inventory quantities for any commodity 𝑘 ∈ 𝐊 in any warehouse 𝑤 ∈ 𝐖. For a 
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period of time, the e-commerce platform obtains a set of order 𝐍 from the client, and there is a 
corresponding demand for any commodity 𝑘 ∈ 𝐊  in any order 𝑖 ∈ 𝐍 . In addition, the 
geographical location of the warehouse and each order is known. When assigning warehouses 
to orders, due to the different inventory quantities of each commodity in each warehouse, there 
may be a situation where the warehouse does not meet the order demand, so horizontal 
transfer between warehouses is required to meet the order demand. After the order is assigned 
to the warehouse, the customer's time window is considered to complete the delivery task 
through a set of same-sized vehicles. Therefore, taking the shortest delivery distance as the 
order splitting principle, considering the minimum transfer volume between warehouses, 
optimizing the order allocation problem in the multi-warehouse collaborative distribution 
model, and then studying the vehicle path problem in the multi-warehouse collaborative 
distribution model with the shortest total driving path as the goal. This is shown in Figure 1. 

 

 
Figure 1. Problem description 

4. Model Establishment 

4.1. Model Assumptions and  Symbol Description  
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Table 1. Definitions of sets, parameters, and decision variables 
Sets Description 

𝐖 = {1,2, . . . , W} Warehouses 
𝐍 = {1,2, . . . , N} Orders 

𝐏 = 𝐍 ∪ 𝐖 All nodes 
𝐄 = {(𝑖, 𝑗): 𝑖 ∈ 𝐏, 𝑗 ∈ 𝐏, 𝑖

≠ 𝑗} 
The path to all nodes 

𝐊 = {1,2, . . . , K} Commodity category 
𝐕 = {1,2, . . . , V} Vehicles 

𝐇 All possible order allocation options 
parameters Description 

𝑠  The inventory quantity of any commodity𝑘 ∈ 𝐊 in any warehouse 𝑤 ∈ 𝐖 
𝑑  The demand for any item 𝑘 ∈ 𝐊 in any order 𝑖 ∈ 𝐍 
𝑡  The distance between any 𝑖 ∈ 𝐍, 𝑤 ∈ 𝐖 
𝑎  The runtime of any edge(𝑖,𝑗) ∈𝐄 

𝑏  The volume of the commodity 𝑘 ∈ 𝐊 
𝐵 Maximum loading volume of homogeneous vehicles 

𝑞  = 𝑥 ,orders 𝑖 ∈ 𝐍 are shipped from warehouse 𝑤 ∈ 𝐖 
𝑀 A constant that is large enough 

[𝑓 , 𝑙 ] Any order 𝑖 ∈ 𝐍 time window 
𝐶  Penalty costs for vehicles arriving in front of the time window 
𝐶  Penalty costs for vehicles arriving behind the time window 
𝐶  Shipping costs per unit of time 
𝐶  The cost corresponding to the scheme ℎ ∈ 𝐇 
𝛼 The dimensions of delivery distance and transshipment volume are unified 
ℎ A warehouse is responsible for the allocation scheme for a set of orders 
𝜋  The order adds one unit to the improvement of the objective function value 
𝜋  The warehouse adds one unit to the improvement of the objective function 

value 
decision variables Description 

𝑥  0-1 variable, 𝑥 = 1 if order𝑖 ∈ 𝐍 is assigned to warehouse𝑤 ∈ 𝐖, 
otherwise 𝑥 = 0 

𝑦  Integer variable, the amount of transit required for commodity 𝑘 ∈ 𝐊 in 
warehouse 𝑤 ∈ 𝐖 

𝑧  Integer variable, The actual demand for commodity 𝑘 ∈ 𝐊 in warehouse 𝑤 ∈
𝐖 

𝛿  0-1 variable, 𝛿 = 1 if any side (𝑖, 𝑗) ∈ 𝐄 is accessed by vehicle 𝑣 ∈ 𝐕, 
otherwise 𝛿 = 0 

𝜎  0-1 variable, 𝜎 = 1if the point 𝑖 ∈ 𝐏 is accessed by vehicle 𝑣 ∈ 𝐕, otherwise 
𝜎 = 0 

𝜏  Continuous variable, vehicle 𝑣 ∈ 𝐕 access order 𝑖 ∈ 𝐍 when the moment 
𝜇  The actual moment when the order 𝑖 ∈ 𝐍 is accessed 
𝜑  The time when the order 𝑖 ∈ 𝐍 is delivered in advance before the time 

window 
𝜔  Orders 𝑖 ∈ 𝐍 are delayed after the time window 
𝜃  0-1 variables, scheme h is selected 𝜃 = 1, unchecked 𝜃 = 0 
𝑎  Whether order 𝑖 ∈ 𝐍 is included in scheme ℎ ∈ 𝐇 
𝑏  Scheme ℎ ∈ 𝐇 contains 𝑤 ∈ 𝐖 
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4.2. Model Construction 
According to the multi-warehouse collaborative delivery route optimization problem proposed 
in this paper, which considers the splitting of e-commerce orders, and takes the minimization 
of delivery distance and transfer volume as the objective function, the order allocation model 
is constructed as follows: 
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In model (IP-1), formula (1) is the goal function, indicating the sum of minimized delivery 
distance and transshipment volumes; formula (2) indicates that any order𝑖 ∈ 𝐍 has only one 
warehouse to distribute it; formula (3) indicates the sum of the demand for any commodity 𝑘 ∈

𝐊 in any warehouse 𝑤 ∈ 𝐖; formula (4) and (5) indicate the amount of commodity 𝑘 ∈ 𝐊 in 
warehouse 𝑤 ∈ 𝐖 that needs to be transferred, and when the actual demand is greater than the 
warehouse inventory, the amount that needs to be transferred is 𝑧 − 𝑠 , otherwise 0; formula 
(6) and (7) indicate the range of values for variables. 
Apply the order allocation result calculated by the model (IP-1) to the following multi-
warehouse collaborative distribution model. 
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In model (MIP-1) , formula (8) indicates minimized delivery cost and time penalty cost, formula 
(9) indicates that any warehouse ∀𝑗 ∈ 𝐖 can only be accessed by the vehicle when there is an 
order allocation, formula (10) indicates that all goods loaded on the same vehicle cannot exceed 
the maximum loading volume of the vehicle, formula (11) and (12) indicate that each order can 
only be delivered once, formula (13) indicates that orders can only be delivered by the 
warehouse to which it is assigned, formula (14) and (15) indicate the time of delivery of orders, 
Formula (16) and (17) indicate the time at which the vehicle arrived before the earliest arrival 
time, and formula (18) and (19) indicate the time when the vehicle arrived after the latest 
arrival time. Formula (20)—(22) indicate the range of values for variables. 
In fact, when a customer places an order through the APP, he can view the inventory of goods, 
usually for any commodity 𝑘 ∈ 𝐊  the inventory is equal to the sum of the inventory of the 
commodity in all warehouses. When the inventory is 0, the customer cannot place an order. 
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Formula (23) indicates that for any commodity 𝑘 ∈ 𝐊, the inventory of all warehouses can meet 
the needs of all orders. 
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5. Algorithm Design and Solution 

In order to solve this problem efficiently, a combinatorial algorithm is designed: the column 
generation algorithm solves the large-scale linear programming problem; the genetic algorithm 
solves the mixed integer programming problem. 

5.1. Column Generation Algorithm Solves the Order Allocation Problem 
Column generation algorithm is an accurate algorithm. The essence is based on column 
generation technology as the core, combined with other solving strategies such as branching - 
demarcation, heuristics composed of a class of combination algorithms, mainly including the 
following elements: model decomposition, main problem solving, price sub-problem solving, 
branching strategy. Reconfigure the Linear Programming Model (IP-1) into a Restricted Master 
Problem (RMP) model and a Pricing Sub Problem (PSP(w)) model. 
5.1.1. Restricted Master Problem 
In the original model (IP-1), only the objective function formula (1) and constraint formula (2) 
have the sum of set 𝐖. Therefore, the model reconstruction part split 𝐖 to construct (RMP) 
model.The problem translates into a warehouse allocation scheme that contains all orders in 
set 𝐇 to ensure the total cost is minimized. 
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Formula (24) indicates that the scheme corresponds to the lowest total cost; formula (25) 
indicates that any order 𝑖 ∈ 𝐍 can only be in one feasible scheme; formula (26) indicates that 
the warehouse 𝑤 ∈ 𝐖 appear at most once in all feasible schemes; formula (27) indicates the 
range of values of the variable. 
5.1.2. Pricing Sub Problem 
Column generation algorithms always start from a set of feasible solutions and solve 
subproblems with each iteration. If the number of tests for a subproblem is less than 0, it 
indicates that the subproblem may reduce costs, and will be added to the Master problem, 
because different warehouses can be considered each time, so it can be divided into W 
subproblems. (PSP(w)) model, in fact, to find a new solution, if the cost of the new scheme is 
lower than the dual price of the (RMP) model, indicating that the new scheme can reduce the 
objective function value, better than the change brought about by the dual price, just add this 
new scheme to those schemes of the (RMP) model. 
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The first two terms of formula (28) are the cost of an order allocation scheme, and the 
dimension has no effect on the decision of the precise algorithm, so the parameter α is omitted; 
the latter two terms are the dual variables of formula (25) and (26): 𝜋  and 𝜋 , indicating that 
all constraints are considered to bring changes to the objective function. Formula (29)-(33) is 
equivalent to formula (3)-(7) in the model (IP-1).  
The solution steps are as follows: 
Step1: The idea of the shortest distance from the greedy algorithm generates an initial feasible 
solution by following these steps:  
(1) Calculate the distance between each order and the warehouse;  
(2) Each order is assigned to the warehouse closest to it;  
(3) Calculate the total cost. 
Step2: Solve the (RMP) relaxation problem; 
Step3: Get dual variables of the ( RMP ); 
Step4: Solve the (PSP(w)); 
Step5: If there is a subproblem test number < 0, add it to the RMP; 
Step6: If all subproblem test numbers are > 0, or the lower bound does not change within 100 
steps, solve RMP and output the optimal solution . Otherwise, return to Step2. 

5.2. Genetic Algorithm(GA) Solves Multi-warehouse Collaborative Distribution 
Problem 

Genetic algorithms are a heuristic search method based on biological evolution, and the initial 
solution to construct a problem is not a single solution; multiple individuals in a population are 
computed at the same time, so it is not easy to fall into a locally optimal solution during iteration. 
It is suitable to arrange the optimal access order for each warehouse matching order calculated 
in 5.1. 
Step7: Chromosome coding design: Natural number coding is used to study the example 1: 
|𝐖| = 2, |𝐍| = 20, |𝐊| = 20 , the chromosomal structure is shown in Figure 2. Each natural 
number represents an order. Each row represents all orders matched by a warehouse, and the 
natural number of each row represents the order in which the order was accessed; 
 

 
Figure 2. Chromosome structure 

 
Step:8: Population initialization. Randomly generate multiple sets of out-of-order order 
numbers as the customer's access order; 
Step9: Adaptation value calculation. The research problem is a minimization problem, the 
objective function takes the reciprocal as the fitness value, and chromosomes with small values 
are preferred; 
Step10 Selection: Roulette wheel selection. Calculate the adaptability value of all individuals. 
The greater the value, the greater the probability of being retained as a good individual; 
Step11 Crossover. Multi-point crossover operation is adopted, that is, each row selects an 
intersection point to exchange chromosomes, and adjusts the missing or duplicate genes 
produced after the crossing, that is, the duplicate genes become lost genes. The process of 
crossing and adjusting chromosomes is shown in Figures 3 and 4; 
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Figure 3. Before cross-operation                      Figure 4. After crossover operation 

 
Step12 Variant: In the simple Mutation operation, two mutation points are randomly selected 
on each chromosome to exchange their gene values; 
Step13 Termination condition: the number of iterations is compared with the maximum 
number of iterations. If exceeded, the output of the optimal solution. If not, go to step9. 

6. Numerical Example Simulation 

6.1. Example Description 
Concerning the actual situation, the parameters of the randomly generated satisfaction formula 
(23) are shown in Table 2, and the numerical experiments are simulated to verify the 
effectiveness of the model and design an algorithm to solve the order allocation problem. 
Programmed using Python, tested on a computer with a 1.80GHz CPU and 16GB of memory, 
using CPLEX20.1.0 to solve the (RMP) and the (PSP(w)). 
 

Table 2. Example parameters 
The location of the order and the 

warehouse 
Generate random integers in [0,50000] as horizontal and 

vertical coordinates, representing within 50 km 
The amount of inventory for each 
commodity in the warehouse 𝑠  

Generates a random integer in [0,500] 

The amount of demand for each 
commodity in the order 𝑑  

Generates a random integer in [0,10] 

𝐶  2 RMB /h 
𝐶  3 RMB /h 
𝐶  90 RMB /h 

 
To verify the effectiveness of the algorithm, three small, medium, and large-scale cases are 
designed for testing. The small-scale case 1 takes |𝐖| = 2, |𝐍| = 20, |𝐊| = 20, population size 
50, iterations 200, crossover probability 0.7, mutation probability 0.2; the medium-scale case 2 
takes |𝐖| = 2, |𝐍| = 50, |𝐊| = 50, population size 100, iterations 200, crossover probability 
0.7, mutation probability 0.2; the large-scale case 3 takes |𝐖| = 4 , |𝐍| = 100 , |𝐊| = 100 , 
population size 100, iterations 200, crossover probability 0.7, mutation probability 0.2. 

6.2. Example Results 
Since column generation is prone to long-tail effect during iteration, it is set that if the current 
lower bound does not change within 100 steps. The optimal solution is the output: a set of 
orders assigned in multiple non-repeating warehouses for the genetic algorithm to solve the 
multi-warehouse cooperative distribution path. The experimental results are shown in Table 3. 
Transshipment volumes rose sharply as the number of orders increased. However, the 
distribution cost does not increase by the same proportion, indicating that the distribution 
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mode considering multi-warehouse collaboration can improve the distribution efficiency and 
make the customers get more timely service. And the transshipment volumes between 
warehouses can take advantage of bulk transportation to further reduce costs. 
 

Table 3. Example results for different parameter cases 
NO. 𝐖 𝐍 𝐊 Distance Transshipment 

volumes 
Delivery 
and time 
penalty 

costs 

Total 
cost 

IP-1 
computation 

time(s) 

MIP-1 
computation 

time(s) 

1 2 20 20 366.6 71.0 772.81 1209.81 15.96 0.99 
2 2 50 50 863.27 467 2842.13 4172.4 152.90 3.63 
3 4 100 100 1353.8 66207 5615.63 73180.63 231.66 18.14 

 
Column generation is an algorithm that raises the value of the objective function from top to 
bottom, selected study case 1 to observe the change of the lower bound improvement during 
the iteration, as shown in Figure 5. The evolutionary curve of genetic algorithm adaptability is 
shown in Figure 6. The fitness function first drops sharply and then declines in a step-like 
manner and eventually stabilizes. 
 

 
Figure 5. Lower boundary Improvement 

 

 
Figure 6. Adaptation evolution curve 
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6.3. Sensitivity Analysis 
The following experiments are designed around Example 2 to analyze the impact of different 
factors on cost.  
(1) The impact of the number of warehouses on cost 
|𝐖| = 2, 3, 4, 5 is calculated, and the experimental results are shown in Table 4. 
 

Table 4. The impact of the number of warehouses on costs 

NO. 𝐖 Distance Transshipment 
volumes 

Delivery and 
time penalty 

costs 

Total 
cost 

IP-1 
computation 

time(s) 

MIP-1 
computation 

time(s) 
1 2 863.27 467 2842.13 4172.4 152.90 3.63 
2 3 767.91 488 2615.01 3870.92 178.33 11.81 
3 4 650.05 761 2217.57 3628.57 158.31 14.74 
4 5 584.18 424 1848.26 2856.44 208.85 13.76 

 
|𝐖| = 4, |𝐍| = 50, |𝐊| = 50 the distribution path is shown in Figure 7. 
 

 
Figure 7. distribution paths 

 
The results show that for the same number of orders and commodity categories, an increase in 
the number of warehouses significantly reduces the delivery distance, especially when 
increasing from 2 to 3 warehouses. And as the number of warehouses increases, the smaller the 
impact on the reduction of delivery distance. And the transshipment volumes increase first and 
then decrease. Therefore e-commerce companies can reduce costs by increasing the number of 
warehouses to respond to customer orders but still need to weigh the costs associated with 
building more warehouses. 
(2) The impact of commodity categories on cost 
|𝐊| = 10, 20, 50, 60, 80 is calculated, and the experimental results are shown in Table 5. 
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Table 5. Impact of commodity categories on costs 

NO. 𝐊 Distance Transshipment 
volumes 

Delivery and 
time penalty 

costs 

Total 
cost 

IP-1 
computation 

time(s) 

MIP-1 
computation 

time(s) 
1 10 690.0 87.0 2334.53 3111.53 53.75 3.61 
2 20 677.63 28.0 2567.11 3272.24 144.94 3.59 
3 50 863.27 467 2842.13 4172.27 152.90 3.63 
4 60 827.56 661.0 2896.65 4385.21 115.06 3.67 
5 80 948.67 892 2835.69 4676.36 273.93 3.61 

 
The results show that in the case of the same number of warehouses and orders, the increase 
in commodity categories makes the total cost increase, and the commodity category leads to a 
more significant increase in transshipment volumes, while the delivery cost will stabilize after 
a brief increase. This is because when there are fewer commodity categories, the customer's 
choice is less, so the demand is relatively fixed, but as the commodity category increases, 
increasing the cost of delivery and time penalties. However, as the commodity category 
continues to increase, the complexity of the delivery due to the random selection of 
commodities by customers has become insensitive. 

7. Conclusion 

(1) By analyzing the impact of the number of warehouses and product categories on the cost, it 
is concluded that the distribution model of considering multi-warehouse collaboration can 
improve the distribution efficiency, and the transshipment volume between warehouses can 
take advantage of bulk transportation to further reduce the cost; E-commerce companies can 
reduce costs by increasing warehouses and respond to customer orders. However, the cost of 
building more warehouses needs to be measured; the increase in product categories leads to 
the increase in transshipment volume more significantly than the total cost increase. As the 
category of goods continues to increase, the impact of customers randomly selecting products 
on the complexity of distribution becomes smaller. 
(2) Most of the algorithms commonly used for order allocation are heuristic algorithms. In this 
paper, we adopt the exact algorithm of column generation to design cases to find order-
matching warehouses and then solve the distribution path. 
(3) Further research can be conducted to consider the optimization of multi-warehouse 
collaborative distribution paths for e-commerce order integration and the order allocation 
problem under the multi-warehouse collaborative distribution model. 
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