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Abstract 
This article studies the storage location assignment in Robotic Mobile Fulfillment 
Systems (RMFS). A storage location allocation strategy that considers the frequency of 
demand, the product similarity and the pods similarity is proposed. A two-stage storage 
location allocation mathematical model aims to decide which product to put in which 
pod to maximize the product similarity and minimize the picking distance. To solve the 
storage location assignment problem, a heuristic is proposed, a Tabu Search algorithm 
based on association rules (AP-TS algorithm). The results show that the AP-TS algorithm 
can solve an approximate solution close to the optimal solution in a short time range, 
and has a significant time advantage. Compared with the traditional random allocation 
and sales allocation strategy, the proposed model and algorithm can achieve the 
distribution effect matching the actual demand pattern, save about 30% of the picking 
distance, and greatly improve the picking efficiency of RMFS. 
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1. Introduction 

As a transit station connecting manufacturing and commodity circulation, warehouses play a 
vital role in logistics activities. In recent years, in order to better improve the efficiency of  
warehousing, and reduce the cost, mobile pod have been gradually applied to the warehouses 
or distribution centers of various logistics companies. RMFS is especially suitable for e-
commerce distribution centers with multi-variety, small-batch, high-frequency. The more 
classic application is Amazon's "KIVA". 
The storage location allocation of RMFS directly affects the total travel distance, handling times 
and order completion time of AGV [1], and has become the optimization research direction of 
RMFS that many scholars pay attention to. Due to the different optimization requirements of 
different warehouses, there are also differences in the optimization objectives of storage 
location allocation [2]. Liu aimed at storage efficiency and stability of pod, and used the genetic 
algorithm to solve the optimization problem of storage location allocation in Flying-V storage 
space, and achieved good results [3]. Guan established a partitioned storage location allocation 
model with the goal of the shortest total handling distance [4]. The clustering algorithm was 
used to solve the initial feasible solution, and the greedy algorithm was used to solve the 
optimal solution. Other scholars have considered the correlation between commodities. Yang 
established a cluster analysis model with the goal of maximizing the correlation degree of the 
goods [5]. Ding proposed a "decomposition-clustering" storage location allocation method that 
combines the weighted k-shell "decomposition" and the network "clustering" methods for the 
complex characteristics of commodity associations in RMFS [6]. Xiang established a 
mathematical model with the objective function of maximizing the commodity correlation 
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degree, and used the variable neighborhood search algorithm to improve it [7]. The 
experimental results verified the effectiveness of the optimization algorithm. Li used temporal 
correlation analysis and clustering algorithm to analyze the correlation of commodities on the 
same pod, and proposed a turnover-based decentralized storage strategy (TRBDSP), and finally 
evaluated the effectiveness of the method through the efficiency of order picking [8]. Li 
designed a greedy algorithm based on clustering and a single-parent evolutionary genetic 
algorithm to solve the problem respectively according to the relationship between orders and 
items [9]. The experimental results verified the correctness of the model and the applicability 
of the intelligent algorithm. Pang constructed a random storage location allocation model with 
the smallest total path for access orders by mining the correlation between different products 
in the order [10]. Li combined the storage strategy based on the material turnover rate with the 
demand correlation between materials, and developed a new approximate algorithm, which 
effectively obtained the approximate solution of the problem [11]. The above models and 
algorithms have effectively improved the entry and exit efficiency of warehouse. However, 
RMFS are different from traditional "people to goods" warehouses and automated three-
dimensional warehouses in terms of the complexity of the storage location allocation problem. 
Commodities need to be assigned to a certain partition or aisle, and RMFS also needs to discuss 
the storage location assignment of the pods, that is, the location of the pods in the warehouse, 
so the relationship between the pods also needs to be considered. Yuan designed a two-stage 
heuristic algorithm based on pod correlation, taking the minimization of pod handling times 
and the total robot picking distance as the objective function [12]. When discussing the problem 
of dynamic storage slot reassignment, Xu took the turnover rate and the correlation between 
pods and storage slots as objective functions, and proposed a single-time exchange simulated 
annealing algorithm (SA-STE algorithm) [13]. Most of the above researches use improved 
methods or combined optimization of multiple algorithms to improve the superiority of the 
algorithm and avoid falling into local optimum. 
In reality, customers have higher and higher requirements for online order delivery time and 
service. Especially during the big promotion period, the sorting efficiency of the warehousing 
system is more challenged, and continuous optimization and adjustment are required to meet 
the needs of customers. Although RMFS have been used well in many practical scenarios, there 
are still some problems to be solved. Among them, task allocation, AGV path planning and 
scheduling have been widely studied, but less research has been done on storage location 
allocation. 
In view of this, this paper takes RMFS of e-commerce enterprises and large supermarkets with 
high demand frequency, small batches and strong timeliness as the research object, and studies 
the problem of storage location allocation. The storage location allocation problem is 
decomposed into a two-stage decision-making problem, and the demand frequency of 
commodities is considered. First, an integer programming model with the greatest correlation 
between commodities in the same pod and the shortest total travel distance of picking orders 
based on commodity demand frequency is constructed respectively. Then, a heuristic algorithm 
considering correlation and demand frequency is designed to solve large-scale goods. Finally, 
the validity of the model and algorithm is verified by numerical experimental analysis, and by 
comparing with the traditional storage location allocation strategy, it is expounded that the 
model and algorithm proposed in this paper can realize the good distribution of warehouse 
storage space and improve the efficiency of storage location allocation. The overall operational 
efficiency of a RMFS. 
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2. Problem Description and Model Building 

2.1. Problem Description 
The layout of RMFS is mainly divided into storage area and operation area. The storage area is 
arranged in a grid of movable pods, and there are lanes between the pods for the AGV to travel 
when consigning the pods to complete the entry and exit of goods. The two ends of the storage 
area are the replenishment station and the picking station respectively, and the staff completes 
the corresponding pod replenishment and picking work at the operation station. The partial 
top view of RMFS is shown in Figure 1. 
 

 
Figure 1. Top view of RMFS 

 
The system operating principle of RMFS is as follows: the movable pod is responsible for storing 
goods, the AGV is responsible for transporting the pod, and the operators complete the shelving 
and picking operations at the replenishment station and the picking station respectively. When 
picking, the AGV trolley first arrives under the pod where the designated item to be picked is 
located according to the instructions issued by the warehouse management system control 
terminal, and transports the pod to the designated picking station. The goods are placed in the 
order turnover box in turn. After the picking is completed, the AGV trolley transports the pods 
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to the storage position according to the instructions, and then moves to the next pod to start 
the next picking task. 
The allocation problem of mobile pod warehouse space can be described as: the warehouse has 
M  movable pods, each movable pod has L  spaces for storing goods, the warehouse needs to 
provide storage services for P  types of goods, and iD  of storage spaces required for i , a 
commodity. In order to allocate reasonable storage locations for different types of commodities 
in the case of known historical order data, so that the correlation between commodities and 
pods is the strongest, and the total picking distance is the shortest. In essence, the problem is 
to allocate commodities to the appropriate positions on the pods, and to allocate suitable 
warehouse space storage location for the pods, so that the storage location in the warehouse 
are in line with the demand patterns of commodities, that is, commodities with strong 
correlation are placed in the same warehouse. pods or adjacent pods. The pods of products with 
high demand frequency are close to the picking station, and the products with low demand 
frequency are far away from the picking station. 

2.2. Model Assumptions 
In order to simplify the model, this paper proposes the following assumptions for the allocation 
of mobile pod and the factors considered: 
Assumption 1: The pods have the same size and size, and only one product can be placed in one 
slot, but one product can occupy multiple slots; 
Assumption 2: The order information is known, and the inventory of each commodity can meet 
the order demand for a period of time in the future, that is, the replenishment situation is not 
considered; 
Assumption 3: The position of the pod in the warehouse is fixed, and the pod is placed back to 
its original position after picking; 
Assumption 4: AGV charging and road congestion are not considered. 

2.3. The Construction of Mathematical Model of Storage Location Allocation 
A two-stage mathematical model is established in this paper for the problem of storage location 
allocation in RMFS. The first stage is the pod space allocation model, which considers the 
correlation between commodities, and stores the commodities with strong correlation on the 
same pod as much as possible, so that when one pod is moved, as many orders as possible can 
be hit. Category to reduce the total number of pod handling; the second stage is the storage 
location allocation model, which comprehensively considers the demand frequency of goods, 
the correlation of the pods and the AGV picking distance, and places the pods with strong 
correlation in the adjacent warehouse storage space. Place pods with higher picking 
frequencies closer to the picking station. 
2.3.1. Storage Location Allocation Model for Pod 
The pod storage location allocation model determines the placement of each product on the 
pod, and its goal is to maximize the correlation of items on the same pod. To facilitate modeling, 
the following parameters and decision variables are introduced: 
Parameter: 
P: collection of goods. 
M : collection of pods. 
ji, : item number, ,i j P . 

m : pod number,m M . 
L : Number of slots per movable pod. 

iD : The number of slots required for item i . 
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S : Item correlation matrix, ( )ij P PS s  , where ijs  represents the correlation value between 

commodity and commodity, The value range of ijs  is 0-1. 

When ji  , 
 

The total number of orders that contain both items i and j
1

The number of orders that contain item i+The number of orders that contain item jijs   , 

 

When ji  , 1ijs  . 

Decision variables:  

𝑥 : variable with value 0 or 1, imx =1 if item i is stored on pod m, otherwise imx =0. 

imy :  Integer variable, the number of slots for commodity i  to be allocated to pod m . 

Objective function:  
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0 1 , 0, ,im imx y i P m M     ，                                                       (7) 

 
The above formula, the objective function (1) indicates that the correlation between items on 
the same pod is the largest; formula (2) indicates that each commodity is placed on at least one 
pod; formula (3) indicates that there are at most L items on the pod. Positions are allocated; 
Equation (4) indicates that the number of slots required by the product is consistent with the 
number of slots allocated; Equation (5) indicates that the number of slots allocated by the 
product on any pod cannot exceed the total number of slots required for the product; Equation 
(6) indicates that if the space on the pod is occupied by a commodity, the commodity must be 
stored on the pod; Equation (7) indicates the value range of the decision variable. 
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Since im jmx x  is nonlinear, it needs to be converted to linear. Let  0,1ijm im jm ijmX x x X ， , the 
objective function is transformed into: 
 

1
1 1

max
P P M

ij ijm
i j i m

F s X
  

                                                                (8) 

 
, , ,ijm imX x i j P m M                                                               (9) 

 
, , ,ijm jmX x i j P m M                                                            (10) 

2.3.2. Storage Location Allocation Model 
the storage location allocation model defines the following parameters and decision variables 
on the basis of the first stage: 
Parameter: 

'N : collection of orders  ' 1, 2,...,N N , where N  is the total number of orders. 

Q : collection of picking stations. 
A : collection of warehouse storage. 
n : the number of orders, 'n N . 
q : the number of the picking station, q Q . 
a : the number of the warehouse location, a A . 

mK : demand frequency of pods. 

aqR : Average travel distance of AGV from warehouse location a to picking station q. 

Decision variables:  

nmz : variable with value 0 or 1, If picking order n  needs to transport pod m  to the picking 

station, then nmz =1, otherwise nmz =0. 

niw : variable with value 0 or 1, niw =1 if order n  contains item i , otherwise niw =0. 

mab : variable with value 0 or 1, If pod m  is stored in warehouse location a , then mab =1, 

otherwise mab =0. 

The objective function of the mathematical model of storage location allocation based on pod 
turnover rate is expressed as follows:  
 

2
1 1 1 1
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QP M N
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i q m n

F K R b
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The constraints are presented as: 
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'
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                                                     (14) 

 

 , , 0,1 , ,ma nm nib z w i P m M                                                (15) 

 
Among them, Equation (11) indicates that the total picking distance for AGV to complete all 
orders is the smallest; Equation (12) indicates that any pod can only be assigned to one storage 
location; Equation (13) indicates that any storage location can only be assigned A pod; Equation 
(14) indicates that each item in the order that needs to be picked can be found on the pod that 
is transported to the picking station; Equation (15) indicates the value range of the decision 
variable. 
The storage location allocation problem of RMFS is an NP-hard problem [14]. For small-scale 
problems, CPLEX can be used to obtain the exact solution. However, for large-scale practical 
problems, the calculation process of accurate solution is very time-consuming, so it is necessary 
to design a corresponding heuristic algorithm to solve it. 

3. Tabu Search algorithm based on Association Rules 

RMFS location allocation will complete two tasks: the goods are allocated to the pod's location; 
the pod is allocated to the warehouse's storage location. In order to better solve these two 
problems, this paper combines the Apriori algorithm with the Tabu Search algorithm to design 
an AP-TS (Apriori-Tabu Search) algorithm that reflects the association relationship and 
demand frequency. Use the Apriori algorithm to place products with strong correlation and 
high delivery frequency on the same pod, establish the connection between the product and the 
pod, and improve the hit rate. According to the degree of correlation between the pods, the 
Tabu Search algorithm is used to allocate the pods to the appropriate storage location to 
improve the picking efficiency. 

3.1. Apriori Algorithm 
Apriori algorithm is one of the most classic algorithms for association rule analysis. It was first 
proposed by Rakesh Agrawal et al. in 1993. This algorithm digs out the hidden relationships 
between data through connection and pruning to form rules [15] . In this paper, the Apriori 
algorithm will be used to solve the problem of pod space allocation, and the collection of 
products with strong correlation will be placed on the same pod to reduce the number of pod 
moves. 
3.1.1. Basic Concepts of Apriori Algorithm 
1) Item set 
In short, an itemset refers to a collection of items. For example, each item in the shopping cart 
is an item, and the collection of items in the shopping cart is an itemset. It can be represented 
by the set 1 2{ , ,..., }kI I I I , and the set I  is called k  itemset. A collection of frequently 
occurring items is called frequent itemsets, such as frequent 1 item set {milk}, frequent 2 
itemset {milk, bread}, etc. 
2) Association rules 
Association rules express the association relationship between itemsets, which can be 
represented by X Y , where X I , Y I , and X Y  , X are the established conditions, 
and Y  is the corresponding association result. The strength of association rules is determined 
by support and confidence values. 



Volume 3 Issue 3, 2022 

DOI: 10.6981/FEM.202203_3(3).0014 

117 

Frontiers in Economics and Management 

ISSN: 2692-7608 

a. Support: the frequency of a given item, for example, the support degree of commodity i  to 
commodity j  is equal to the proportion of the order quantity of commodity i  and commodity 
j  appearing at the same time to the total order quantity, namely: 

 
( )

( )
number ij

Support i j
N

                                                      (16) 

 
supportmin_ : The preset minimum support value. 

b. Confidence: the probability of purchasing commodity i  at the same time when purchasing 
commodity j , namely: 
 

( )
( )

( )

Support i j
Confidence i j

Support i


                                            (17) 

 
confidencemin_ : The preset minimum confidence. Under the condition of satisfying the minimum 

support, the association rules also need to reach the minimum confidence value at the same 
time. 
3.1.2. The Steps of Apriori Algorithm 
The Apriori algorithm based on commodity correlation solves the steps of pod space allocation 
as follows: 
Step1: Set the minimum support, minimum confidence and storage number of each pod of the 
Apriori algorithm; 
Step2: Calculate the support and confidence of each item according to the historical order 
information, and screen out the items that are greater than or equal to the minimum support 
and minimum confidence at the same time as the frequent item set; establish connections 
between the frequent item sets, Obtain the candidate frequent 2 itemsets, and similarly, filter 
out the candidate frequent 2 itemsets below the minimum support and minimum confidence, 
and get the real frequent 2 itemsets; and so on, until the frequent 1k  itemsets cannot be found; 
Step3: Group the commodities according to frequent k  itemsets, each group is L  in length, and 
each group is used as a pod set to form the corresponding relationship between commodity 
items and pods. 

3.2. Tabu Search Algorithm 
Tabu Search algorithm was first proposed by Professor Glover in 1986. Because of its storage 
structure and tabu criteria, it avoids roundabout search, so it has the characteristics of avoiding 
falling into local optimal solution [2]. The Tabu Search algorithm is used to solve the storage 
location allocation problem. The algorithm obtains the initial solution according to the support 
degree of the pods, and designs the neighborhood movement criterion according to the 
relationship between the pods. The pods are allocated to the storage location close to the 
picking station to improve the layout of the warehouse pods, so as to improve the overall 
picking efficiency of the warehouse. 
3.2.1. Tabu Search Algorithm Process Design 
This paper uses the Tabu Search algorithm to solve the storage location allocation model. Now 
the key operations involved in the algorithm are introduced as follows: 
1) Coding method 
In order to better reflect the solution results, tabu search uses natural numbers to sort the pods, 
and the obtained sequence of natural numbers is the code, and the position of the natural 
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numbers in the sequence corresponds to the storage location of the warehouse layout. For 
example, if the number of candidate pods in Figure 2 is M, the encoding length of the solution 
is M. The value at a certain position of the solution is the number of the candidate pod, and the 
position is the number of the storage location in the warehouse. The codes in FIG. 2 indicate 
that the storage location of the three candidate pods with pod numbers 13, 20 and 3 correspond 
to storage location No. 1, 2 and 3, respectively. 
 

 
Figure 2. Schematic diagram of encoding method 

 
2) Initial solution 
The Tabu Search algorithm has a strong dependence on the initial solution. Previous studies 
have shown that the quality of the initial solution can be effectively improved by laying out the 
warehouse based on the demand frequency. Therefore, the article will consider the demand 
frequency of the pods, and obtain the initial feasible solution through sorting. Statistically 
calculate the number of orders that each pod can support, get the demand frequency of each 
pod, allocate storage locations according to the demand frequency of the pods, and place the 
pods with higher demand frequency on the storage location closer to the picking table. 
3) Neighborhood Movement Criterion 
 

 
Figure 3. Schematic diagram of neighborhood movement 

 
Neighborhood movement is a way that generates another solution from one solution, and is an 
important factor that determines the algorithm's solution speed. There are many neighborhood 
movement criteria. The most common one is to randomly exchange two elements in the initial 
solution. The number of exchanges in this method is usually very large. Therefore, we will start 
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from the support between the pods and calculate the support that any two pods can support. If 
the number of orders supported by a pod and adjacent pods in the initial solution is less than 
the number of orders supported by other pods, then replace the pod on the adjacent storage 
location, so that the pod with strong correlation is placed in the adjacent storage location. 
superior. For example, as shown in Figure 3, in the original storage location allocation, pod 3 
corresponds to storage location 3, and pod 8 corresponds to storage location 4. However, by 
calculating the number of orders supported by adjacent pods, it is found that pod 8 and pod 20 
support The number of orders is more than that supported by pod 3 and pod 20, so the storage 
location of pod 3 and pod 8 are exchanged, and pod 8 is placed in the storage position closer to 
pod 20. 
4) Tabu List and amnesty guidelines 
In order to avoid repeated calculation many times, some elements are put into the Tabu List, 
the elements in the Tabu List will not be accepted in the next search, these elements are called 
Tabu Object. The maximum number of Tabu Object that can be accommodated in the Tabu 
Table is called the Tabu Size, and the Tabu Size also represents the longest storage time of the 
Tabu Object in the Tabu Table. When the object enters the Tabu List, its taboo time is the Tabu 
Size value. The Tabu Size value is reduced by 1 for each iteration of the algorithm. When the 
value of the Tabu Object is 0, the Tabu Object is released from the Tabu List. The amnesty 
criterion is that when all the candidate solutions are found in the Tabu List during the search 
process, or the candidate solutions that are better than the current optimal solution are in the 
"Tabu" state, the specific solution can be released, breaking the restrictions of the Tabu List, so 
as to achieve the global optimal solution.  
5) Fitness value 
To evaluate the quality of the current solution, the article takes the objective function value of 
the original storage location allocation model as the fitness value of the current solution, that 
is, the total picking distance. The smaller the fitness value, the higher the quality of the solution. 
3.2.2. The Steps of the Tabu Search Algorithm 
Based on correlation with pod, the Tabu Search algorithm solves the storage location allocation 
steps as follows: 
Step1: empty the Tabu Table, set the maximum number of iterations T , and the Tabu Size  , 
calculate the correlation with pod to generate the initial solution 0C , let the current solution 

0CC  , and the current global optimal solution CC * ; 
Step2: determine whether the number of iterations t  satisfies the maximum number of 
iterations T , if the conditions are met, the algorithm ends and the result is output; otherwise, 
the algorithm continues; 
Step3: calculate the support of any of pods, construct the neighborhood solution of the current 
solution C , and move from the neighborhood of the current solution C  to generate k  
candidate solutions 'C ; 

Step4: judge whether the amnesty criterion is met, that is, judge whether the fitness value 'C  

of the best solution '
max( )f C  in the candidate solutions is better than the fitness value C  of the 

current global optimal solution ( )f C , if ' *
max( ) ( )f C f C , then the current global optimal 

solution * '
maxC C , the current solution *C C  , and replace '

max( )f C  with the first Tabu Object 
that entered the Tabu Table, update the Tabu Table, and the Tabu Size is the longest; if 

' *
max( ) ( )f C f C  , select the best solution that is not contraindicated in the candidate solutions 

as the current solution, and the Tabu Object corresponding to the current solution is replaced 
with the earliest For Tabu Object entering the Tabu List, set the Tabu Size to the longest, and 
update the Tabu List; 
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Step5: number of iterations 1t t  , go to Step2. 

4. Computational Experiments 

Assuming the warehouse layout is shown in Figure 1, the experimental parameters are set as 
follows: (1) Each order contains 1 to 32 commodity types. (2) The number of goods on each 
pod L  is 6, 8, and 10,12. (3) The total order quantity N  is 5, 10, 20, 30, 50, 100, 200, 500, 1000 
respectively.  (4) The number of storage required by the commodity i , iD =1.  (5) The total 
number of Picking stations is 1. The specific parameters of the algorithm are set as follows: (1) 

support_min =0.02, encemin_confid =0.9; (2) Tabu Size  =50; (3) maximum number of 
iterations ,T =1000. Using Python 3.7 programming, Window10 64bit Operating system, 4GB 
memory environment running. 

4.1. Performance Analysis of Algorithm 
Combined experiments are carried out on 4 kinds of pod numbers and 6 kinds of order 
quantities, totaling 24 (4  6) scenarios. Taking into account the random factors of the 
experiment, each scenario was run 10 times, and the results were averaged. The results are 
shown in Table 1, where the solution difference is the absolute value of the difference between 
the solutions of AP-TS and CPLEX picking distance. 
 

Table 1. Experimental results under different problem scales 
Experimental 

scene 
AP-TS CPLEX 

solution 
difference/m 

L  N  
Run 

time/s 
Correlation 

picking 
distance/m 

Run 
time/s 

Correlation picking 
distance/m 

6 

5 0.42 48.00 16 0.79 48.00 16 0 
10 1.94 58.00 50 1.24 69.50 45 5 
20 5.95 83.59 122 17.60 94.65 126 4 
30 7.08 110.00 214 968.00 174.56 203 11 
50 112.09 120.64 450 >2h - - - 

100 1161.01 139.56 1199 >3h - - - 

8 

5 0.36 48.00 15 0.8 48.00 15 0 
10 1.79 56.17 56 1.5 71.50 48 8 
20 17.30 85.25 115 312.38 97.90 103 12 
30 83.24 115.82 187 390.63 162.72 172 15 
50 350.35 130.02 472 >2h - - - 

100 2934.33 149.19 1195 >3h - - - 

10 

5 0.27 48.00 15 0.75 48.00 15 0 
10 1.67 61.67 45 0.9 72.90 34 11 
20 8.37 93.89 104 13.22 101.54 89 15 
30 51.86 126.03 183 366.56 166.94 169 14 
50 156.07 139.34 428 >2h - - - 

100 1100.02 156.44 1087 >3h - - - 

12 

5 0.28 48.00 15 2.33 48.00 15 0 
10 0.57 59.33 39 0.8 73.33 33 6 
20 8.64 102.21 104 3.91 125.39 91 13 
30 27.99 132.14 170 447.76 172.17 162 8 
50 89.66 143.99 383 >2h - - - 

100 760.56 153.02 1025 >3h - - - 

Note: "-" means that the optimal solution and the difference value are not obtained within a 
certain period. 
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As can be seen from Figure 4, when the number of pods is constant, with the continuous 
increase of the number of orders, the correlation and picking distance solved by AP-TS are also 
increasing; when solving the problem of the same order size, the pod The larger the number of 
slots, the stronger the correlation, and the shorter the total picking distance, indicating that the 
commodities on the pods are integrated and can achieve global optimization. 
 

 
Figure 4. Analysis of the solution result of AP-TS algorithm 

 
It can be seen from Figure 5(a) that when the number of pods is the same, the larger the order 
quantity, the larger the solution difference; and under any order quantity, with the increase of 
the storage number of the pod, AP-TS The solution difference between the solution result of , 
and the optimal solution of CPLEX is not more than 15m, indicating that the solution quality of 
AP-TS is reliable. 
Figure 5(b) shows the comparison of computing time between AP-TS and CPLEX under 
different order sizes when the total number of pods is 6. It can be seen from Figure 5(b) that 
with the increase of the order size, the computing time of CPLEX increases exponentially. When 
the order size is 100, CPLEX cannot obtain the optimal solution in an acceptable time; but the 
solution time of AP-TS varies very little, and an approximate solution close to the optimal 
solution can be obtained within a reasonable range of time. 
Therefore, AP-TS can solve the storage location allocation problem of RMFS with large order 
quantity and pod space, and can greatly save the time of solution. 
 

 
(a)                                                                            (b) 

Figure 5. Performance analysis of AP-TS algorithm 
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4.2. Analysis of the Effect of Storage Location Allocation  
Random allocation and allocation of storage location by sales are two common methods of 
storage location allocation. The following experiments are conducted to compare the effects of 
AP-TS strategy and random allocation, distribution by sales, and This paper presents the effects 
of strategies at different scales. 
1) Picking distance analysis 
The experimental results of the picking distance under different order quantities are shown in 
Figure 6. With the increase of the order size, the picking distance is also gradually increasing. 
Under the same order size, the picking distance of AP-TS storage location allocation is generally 
lower than random allocation and allocation of storage location by sales . Compared with 
random allocation, AP-TS's inventory allocation results save 35%-50%, and the saving ratio 
does not fluctuate much; The saving ratio gradually stabilized with the increase of the order 
size. 
 

 
Figure 6. Comparison chart of the picking route of the three strategies under different order 

sizes 
 
2) Analysis of handling times 
 

 
Figure 7. Comparison chart of the number of pod handling of the three strategies under 

different order sizes 
 
The experimental results of the total number of pod handling times under different order 
quantities are shown in Figure 7. Under the same order size, the handling times of AP-TS's 
storage location allocation is significantly lower than that of the other two storage location 
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allocation strategies. Figure 8(a)-(c) is the heat map of storage location under three different 
storage location allocation strategies when the order quantity is 500, and Figure 8(d)-(f) is the 
warehouse storage of AP-TS under different order sizes Figure 8 shows the position state heat 
map. It can be seen from Figure 8 that under the condition of a certain number of pods and any 
order size, the AP-TS position allocation effect is still significant, and the pods of best-selling 
products are more likely to be allocated to the picking station. The position of the algorithm is 
better, and it is in line with the actual demand pattern, which is suitable for the allocation of 
small batches and high frequency in supermarkets and factory distribution centers. 
 

 
(a)                                                                                                     (b) 

 
(c)                                                                                                  (d) 

 
(e)                                                                                                    (f) 

Figure 8. Heat map of warehouse layout under different allocation strategies 
 
3) Analysis of the number of turns 
The RMFS system relies on AGV to realize the movement of pods. In terms of energy 
consumption of AGV operation, it includes not only the energy consumption generated by 
constant speed driving, but also the energy consumption generated by AGV starting and 
stopping when the roadway turns. The following uses the number of turns of the AGV when 
completing the order as the analysis indicator, and compares the effects of different storage 
location allocation strategies under different problem scales.  
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Table 1. Comparison of AGV turns 

problem 
size 

AP-
TS 

random allocation allocation of storage location by sales 

The number of turns of 
the AGV 

Optimize 
ratio 

The number of turns of 
the AGV 

Optimize 
ratio 

N=500, L=6 3153 5133 62.81% 3532 12.02% 
N=500, 

L=10 2916 4515 54.82% 3340 14.54% 

 
It can be seen from Table 2 that the AP-TS strategy has a certain proportion of optimization in 
the indicators compared with random allocation and allocation by sales volume, which shows 
that the number of AGV starts and stops during the operation of the warehouse system is 
reduced, which reduces the operating energy consumption of AGV. In addition, when road 
congestion occurs between AGV, the driving route may be adjusted by turning, and the 
reduction in the number of turns also indirectly shows that the congestion in the operation of 
the warehouse system has eased. 

5. Conclusion 

This paper studies the storage location allocation problem in the RMFS system. Considering the 
correlation of commodities and pods, the internal storage location allocation model of the pod 
and the storage location allocation model of the warehouse space are respectively constructed, 
and the AP-TS algorithm is designed. The large-scale inventory allocation problem is solved. 
The results show that the AP-TS algorithm can solve a feasible solution close to the optimal 
solution in a relatively short time. The proposed storage location allocation method 
significantly saves the AGV picking distance, reduces the total number of pod handling and 
turns, improves the picking efficiency, relieves warehouse congestion, and conforms to the 
actual demand pattern. 
When the best-selling products are allocated to the area close to the picking station, there may 
be AGV traffic congestion, and the subsequent consideration of the AGV walking path of storage 
location allocation problem needs further research and analysis. 
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