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Abstract

For companies involved in the supply chain, proper warehousing management is crucial. Warehouse layout arrangement
and operation play a critical role in a company’s ability to maintain and improve its competitiveness. Reducing costs and
increasing efficiency are two of the most crucial warehousing goals. Deciding on the best warehouse layout is a remarkable
optimization problem. This paper uses an optimization method to set bin allocations within an automated warehouse with
particular characteristics. The warehouse’s initial layout and the automated platforms limit the search and define the time
required to move goods within the warehouse. With the help of historical data and the definition of the time needed to
move goods, a mathematical model of warehouse operation was created. An optimization procedure based on the well-known
Variable Neighbourhood Search algorithm is defined and applied to the problem. Experimental results demonstrate increments
in the efficiency of warehousing operations.
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1 Introduction

One of the main goals of global market trends is to make a real effort to get goods to customers
quickly and, as a result, lowering the price of item storage. Although connecting the supplier and the
customer directly has been considered, it has yet to become a reality, according to [3]. Companies
still require a warehouse where goods can be stored and organized efficiently before distribution,
and intelligent warehouses are the answer.

Over time, warehouses have evolved. Initially, all product handling was done manually, but in an
effort to save time and money, technology was used to automate the main processes. The warehouse
machinery has proven to be beneficial in terms of lowering the cost and increasing the efficiency
of the movements. Nevertheless, some challenges are unachievable for even the most advanced
machines. The proper arrangement of goods is one of the main obstacles encountered at warehouses
when trying to optimize the services [1].

Warehouses used to have a fixed layout that was not meant to change, but how products are
organized can be adjusted to meet the needs of the business. The main goal is to save time and
bring the most frequently requested items closer to the extraction points, and nearly locating pairs
of products extracted together often can help. In addition, because these products are constantly
moving, reducing the effort required to access them lowers the overall cost. This has a similar effect
in both manually and automatically managed warehouses.

Optimization techniques are critical to finding the best arrangement for the goods. The algorithms’
solution can help lower costs and improve overall performance, but it can’t guarantee that a perfect
solution will be found. As a result, several algorithms are put to the test in order to find the
arrangement that produces the best warechouse layout.

This article discusses a practical application of optimization methods, such as combinatorial
algorithms to the storage of goods in a warehouse with automatic moving platforms. The goal of
the optimization procedure is to reduce the time platforms spend moving goods internally. To do
so, historical data from a real warehouse is used and processed to create a matrix denoting the
flow within each pair of possible goods locations. Then the optimization module is in charge of
rearranging the goods based on the shape of the environment to minimize the time spent completing
all of the movements registered. The module uses a mathematical warehouse model to calculate the
time it takes to move a good between two warehouse locations and evaluate the candidate solutions
provided. A Hill-Climbing algorithm with three different neighbourhood operators and a Variable
Neighbourhood Search alternating those three operators are implemented and tested in both the real
scenario and simplified versions of it.

The rest of the article is structured as follows: The related literature review is presented in
Section 2. Next, the warechouse design and restrictions in the proposed optimization scenario are
described in Section 3. Next, the proposed optimization methods are presented in Section 4. The
experimental results are then presented in Section 5. Finally, Section 6 ends the article by presenting
conclusions and future works.

2 Literature review

The design of the layout of packages in a warehouse is a key component and has a significant impact
on order picking and movement in the warehouse. It is known that the ideal warehouse layout can
be modelled as an optimization problem, where the number of alternatives is very large or infinite,
and the evaluation of all alternatives is almost impossible. Therefore, it is considered a complex
problem, and approximate algorithms are often used in the solution of this problem. In the design of
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the warehouse layout, some important factors must be taken into account: the number of blocks; the
length, width, number of aisles, shape of the aisles; the number of racking levels; and the position of
the entry and exit doors in the warehouse.

The arrangement of packages in a warehouse, i.e. where to place each content, was studied in [6].
Reference is made to different related works up to that year, which had as main objective to find
solutions to the internal layout or aisle configuration problem. The literature presented in this work
had as a common objective to find the best layout of the warechouse with respect to a given objective
function among different layouts that could be adjusted to certain constraints and requirements, and
among the most common objective functions, minimizing the travel distance was used.

Jaimes et al. [13] proposes a model for redistributing the contents of a warehouse and dividing
it into different distinct zones, one zone where orders are prepared and another zone where
picking takes place. The model considers random initial storage, which does not take into account
considerations about the composition of the products, nor how best to accommodate them, since the
case study uses intelligent equipment for the handling and internal transport of the goods, and high
shelves are available to store the products. Three costs are proposed to be minimized: those related
to the initial investment (construction and maintenance), shortage costs and costs associated with
storage policies. While testing the proposed model, they used the layout of a warehouse plant with
real data, and shared all the information that can be used to simulate the same scenario.

Mirabelli et al. [15] present a model for the allocation of products in a warehouse, the main
objective to optimize is to minimize the handling costs that occur in a given period by time slots. They
conducted a study in the warehouse of a company that operates in the production and distribution
sector of sports equipment and clothing, analysed the volume generated by each product class and the
number of manipulations performed in each category. In the solution, they used an algorithm based
on the classification of products and obtained a new, more organized and structured warehouse
layout, demonstrating that it improves product picking times and delivery times. They conducted
experiments on three test cases taking into account the warehouse layout and, for each test case, six
synthetically generated scenarios were created while considering a variation of the total amount of
products handled. Specifically, decreasing this value by 20%, 10% and 5% and increasing it by the
same percentage.

There are different articles that refer to models to design and configure a layout of the packages
in a warehouse, and the main objective is to minimize the cost of transportation or distance traveled
within the warehouse [9—11, 20]. Moreover, there is some work that focuses on warehouse design to
optimize operating costs, minimize congestion in order loading, maximize space utilization, group
products by some criteria, etc [16, 21, 22]. Besides, there are works that focus their study on how to
optimize the space used, which would mean savings in the use of space and a better distribution of
the packages [5, 7].

Ballesteros et al. [4] propose the solution to obtain a product distribution in a food warehouse,
composed of 3 different areas, 4 material flows and a time horizon of 6 periods. A dynamic allocation
of the spaces in the warehouse is performed in the different time periods, in which demand and costs
change. To solve the problem they used CPLEX and the results obtained showed that for the instances
of the problem the allocation corresponds to the minimum cost of each operational area, which is
much more efficient than the distribution they had previously.

Septiani et al. [18] proposed a model to obtain an organization of a warehouse, based initially on
the collection of information on the expertise of the workers. It is studied with historical data on
the input and output of products in the warehouse, the frequency of displacement to find and form
order. The proposal improves the distribution of items in the warehouse using a proprietary method
that they developed and is based on specific storage. Several test simulations were performed, and
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the efficiency of the storage space could be calculated. The problem instance used is about a real
warehouse structure too specific for the experimentation simulations, divided into six storage areas,
each of them with a different polygonal structure.

Arif et al. [2] propose a solution in a warehouse that combines several aspects: storage,
transmission, distribution and management of stock. The objective of the model is to find solutions to
minimize the amount of coverage area used by the pallets and maximize the number of boxes stored
on the pallets. For the solution of the problem they use the genetic algorithm and the differential
evolution algorithm. In the same year, Sudiarta e al. [19] presented an analysis is made of the
methods used for planning the distribution of warehouses containing raw materials. The following
methods are studied: Dedicated Storage, Class Based Storage, Shared Storage, Random Storage and
Herringbone Layout. These methods are used to decrease the material handling distance so that the
distribution reaches an optimal solution.

Derhami et al. [8] propose a solution for distributing the block stacking of materials, which
includes determining the number of aisles and cross aisles, the depth of the lanes and the types
of cross aisles. With the results obtained, they show that the resulting layout can save up to 10
% of a warehouse’s operating costs. The model is approached as a multi-objective problem, with
two objectives to be optimized: maximize space utilization and minimize transportation costs. They
created three synthetic instances of the problem with different warehouse sizes, with a minimum and
maximum number of aisles to be located, and the results were compared with a real case study on
the design of a warehouse for bottled beverages, which bases its storage mainly on block stacking.
In the same year, Irman et al. [12] proposes a model to obtain an optimal design of the distribution
of a warehouse of materials, with the objective of minimizing the costs of travel times within the
warehouse. In the solution they use Linear Programming and LINGO 17 software to solve the model.

Saderova [17], presented a methodology for the design of a warehouse system based on 5 phases,
which are described by means of a well-detailed flow chart. The results obtained are being applied
in a real warehouse application and are using the three proposed alternatives: arrangement of the
rack rows, arrangement of the rack blocks and a multi-objective variant with the two previous
alternatives. The tests were performed on two different synthetic storage layouts, providing details
of the dimensions of each area used and the total number of aisles per area.

Kovacs et al. [14] present a detailed procedure of the main optimization processes that exist in
the literature for warehouse layout design. They comment that there are no uniform and standard
procedures for the design, neither in the literature nor in practice, that most of them are unique
procedures, and that new works on this subject can contribute significantly to the research. Many
of the researches presented only apply the objective function of maximum storage capacity for the
selection of the ideal distribution; however, there are other interesting objectives that should be taken
into account, such as: maximum utilization of the warehouse area, minimum distances of material
flow, minimum investment cost, minimum operating cost, among others. In addition, they present
the most common constraints that exist and that must be solved in the optimization models.

After reviewing the literature we have been able to find different models and solutions, there
are specific or general contributions, ranging from developments of novel algorithms and better
performance to their application to complex and real domains. Furthermore, there are some research
papers that present synthetic test instances that could be used as a reference to validate the
performance of the proposed solution algorithms for this type of problem. We have been able to see
the importance of this problem, and how its complexity has increased due to the variety of factors
that have been arising with the need to improve the layout of packages in a warehouse. This paper
proposes a use case of a well-known optimization method for a specific warehouse design, which
opens the door to future developments in this field.

GZ0Z YOJBIN 0 UO JOSN BLENSISAIUN 98]0I|dIg 0lSnNa( op PEPISISAIUN Ad 9Z6E£9./889/1/Z€ /0101 [edBIl/W00"dno-oiWapeoe)/:SARY Wou) papeojumoq



692 Variable Neighbourhood Search for Minimization of Operation Times

L |Al & [ |AlIR]L|A]l R Shelves |
\5(1...16)

1)

(ss

suwnjo)

]

FIGURE 1. Layout of the warehouse, composed by three aisles and three packaging posts.

3 Warehouse layout optimization model

This research is based on data from a real-world automated warehouse. Figure 1 depicts the
warehouse layout, which is divided into two sections: a corridor area where stock is stored (R 3
and L1 3) and three packaging posts (P 2,3), where shipments are stored in boxes according to the
received shipment order. Each side of the three corridors is divided into 16 shelves and 55 columns,
denoted by R or L to indicate right- or left-handedness, respectively. This gives the products a total
of 5280 possible locations (3 aisles, 2 sides, 16 shelves and 55 columns). Each one of the possible
locations is identified as presented in Equation 1, where a, s and ¢ denote, respectively, the aisle,
shelve and column, while the R and L indicate if it is a right- or left-handedness. Packaging locations
will also be assumed to have shelf and column values of zero, so they are denoted as Py—q1 2,3}

{R| L}ascp, Ya = {1,2,3}, Vs = {1...16}, Ve = {1...55} (1)

In each aisle, an automatic platform transports bins from their respective shelves to the
corresponding packaging point and vice versa, or between locations within the same shelf. Each
platform can only hold one bin at a time. The three packaging locations are connected by a single
unidirectional conveyor belt, which continuously circles from the corridors to the packaging posts
(P1 < Py < P3 < Pq...). The platform is able to directly move a bin between two locations in
the same aisle and side, but, in other cases, the bin has to be moved to the corresponding packaging
post and then to its final location (in the same or different aisle).

The optimization model will consider minimizing the total time required for operations of
movements between locations within the warehouse, so the following assumptions will be used to
calculate this time:

e At speeds of S; and S, each of the robotic platforms moves both horizontally (between
columns) and vertically (between shelves) at the same time.

e Distances dj and d,, denote the distances between consecutive columns or shelves, respectively.

e To move a bin from one side of an aisle to the other (R s1,c1) t0 L(as2,c2) OF Vice versa),
the platform moves it from the origin to the corresponding packaging point (P,), then to the
destination.
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e The platform will move a bin between aisles by moving it to the corresponding packaging

point, then the conveyor belt will move it to the destination packaging point, and finally to the
destination. The distance between packaging points is denoted as dj,, and the belt’s outer trail
is d,. Bins are moved along the conveyor belt at a speed of Sp.

The computation algorithm has been formulated according to the warehouse’s layout, while

the

speed and distance values are the ones provided by the warechouse owners. The technical

specifications of the automated platforms have been considered to establish the values of the
variables, which are as follows: S, = 2.5, S, = 1.5 and S, = 2.5 for speeds (in m/s), as well as
dp=25,d, =1,d, = 2,d, = 10, in meters, for distances in the layout. Given so, the time needed
of moving a bin from an origin (Oy141,1) to a destination (Dg252,2) is calculated as presented in
Algorithm 1.

Algorithm 1: Calculation of the time for moving a bin among two points.

1
2
3
4
5
6

7
8
9

10
11
12
13

14

15

16

Input: al, a2 — aisle (1, 2 or 3) of origin and destination locations;
Input: O, D — side (left or right) of origin and destination locations;
Input: s1, s2 — shelve (1 to 16) of origin and destination locations;
Input: cl, ¢2 — column (1 to 55) of origin and destination locations;
if al == a2 then

if O == D then
‘ time = maﬂc(‘01’5722“1’?'7 %)
else
| time = mag( oo, LS 4 maa (050, L2t
else
. 56—cl)d), (17—s1)dy L (56—c2)d), (17—s2)du .
time = maz (gl W) 4 paq (G20, QT2 ),
if al > a2 then
L time = time + (‘ll—sﬂ
b
if al < a2 then
t time = time + (al_l)d11+éi—a2)dp+d7.
return(time);

The algorithm considers four different types of movements, which are illustrated in Figure 2 and
explained next.

1.

Case (a): Since the origin and destination are on the same aisle and side, and the bin is moved
directly by the robotic platform.

Case (b): As both locations are on opposite sides of the same aisle, the bin must first be moved
to the packaging point, then to the final destination.

. Case (c): Destination is in an aisle in the direction of the conveyor belt, so the time of

movements between packaging posts has to be considered.
Case (d): The destination is in an aisle in the opposite direction of the conveyor belt, so the bin
must circulate along the outer ring.

The calculation of time for each one of the four cases is done as indicated in Algorithm 1 at lines
7,9, 13 and 15, respectively.
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FIGURE 2. Visual representation of the possible movements. With origin and destination in: same
aisle and side (a), same aisle but different side (b), different aisle without using the external ring (c)
or using it (d).

The optimization goal is the reduction of the total time spent in the internal movements of bins
within the warehouse, by reducing the time it takes to retrieve and move them from their shelves to
the conveyor belt. To do so, optimization methods will be used to reduce the amount of time that
robotic platforms spend moving bins by relocating them throughout the warehouse.

The fitness function to minimize is presented in Equation 2 to formulate the optimization
algorithm, where both Dist and Flow are 52805280 matrices denoting the distance and number
of movements realized (flow) between two locations, respectively.

fitness = Z (Dist;j - Flow; ;) 2)
ijel...5280

Over each pair of locations, Dist is calculated using the procedure presented in Algorithm 1,
whereas real data from a company is used to obtain the values of Flow. With a total of 373933
entries, the data covers the entire historical information of warehouse movements from 2019-09-26
to 2020-09-15. The data is processed, and the number of movements between each pair of locations
is calculated, in order to fill Flow.

4 Optimization procedure

The optimization procedure will be in charge of minimizing Equation 2. For this purpose, a permu-
tation encoding is used, thus, a candidate bin arrangement is represented as X = (x1,x2,...X5280),
where the value x; denotes the identifier of the product stored in the i-th location of the warehouse.

The initialization of the solution to be improved will be done as x; = i, indicating that the initial
solution is the warehouse’s original layout. This ensures that the neighbour solutions are close to the
original arrangement, saving on the cost of rearranging all of the elements within the warehouse.

Different switching operators are used in this work to generate neighbouring solutions and explore
the solution space. Any change in the arrangement of the positions will result in a reordering of both
the rows and columns in Flow, requiring a recalculation of the result of Equation 2.
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In this work, three alternatives for obtaining neighbour solutions are implemented, which are the
following:

1. swap: This operator takes randomly two indexes of the solution and then interchanges their
values.

2. insertion: In order to insert one of the solution’s elements into a random location in the vector,
the operator selects one of the solution’s elements and a random location in the vector to
insert it.

3. adjacent: This operator chooses one of the warehouse elements at random and swaps it with
one of the colliding ones (upper or lower shelve or column in the left or right).

Two different optimization procedures are tested using those mutation operators, which are
versions of the well-known Hill-Climbing (HC) and Variable Neighbourhood Search (VNS)
algorithms. Both algorithms are presented respectively in Algorithms 2 and 3. It is worth mentioning
the main difference in terms of the computational cost relies on the mechanism for modifying
the selected operator implemented by VNS (3 at line 16), so the algorithmic complexity of both
alternatives remains similar.

Algorithm 2: Hill-Climbing optimization procedure.

1 Inputs: op, N; ;

2 solution = {1,2,3,...5280};

3 timepess = fitness(solution);

4 for i € {1...iterations} do

timeneighbour =0

for j € {1...N;} do

newSolution = get N eighbour(solution, op);
timenew = fitness(newSolution);

if timenew < tiMmeneighbour then

10 L timeneighbour = tiMenew;

© W I O w»

11 neighbour = new;

12 if timencighbour < tiMepes then
13 timebest = timeneighbour;

14 solution = neighbour;

15 return(solution);

In both cases, following the generation and evaluation of the initial solution, the methods
iteratively generate N alternative plans derived from variations of the initial solution according to
the selected operators (op). After all of the neighbours solutions have been generated, the one with
the lowest time replaces the original only if it is improved.

5 Experimentation and results

This section presents the results of the experiments conducted to compare the algorithms’ per-
formance, as well as for different sizes of the explored neighbourhood of a solution (Xj). In
order to provide a fair comparison between the methods in terms of the number of evaluations
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696  Variable Neighbourhood Search for Minimization of Operation Times

of the fitness function (Eq. 2), the number of iterations the algorithm is ran is established at
iterations = 10° /Ny. The results are shown in Table 1, where the different executions are compared
in terms of execution time and fitness function reduction value compared to the initial (original) bin
arrangement.

When comparing the Hill-Climbing algorithms alone, insertion and swapping get similar results
in terms of the overall achieved fitness during the experiments, although their execution times do
differ a bit, swapping being slightly faster than insertion. The adjacent algorithm is faster than these
two, but it is also less efficient across the table, only achieving a fitness value lower than 95% in
a single experiment. Even if both, insertion and swapping have yielded similar results, among all
the experiments, swapping is the one that has reduced the fitness value the most by using the Hill-
Climbing algorithm.

Algorithm 3: Variable Neighbourhood Search optimization procedure.

1 Inputs: op, N, ;

2 op = swap;

3 solution = {1,2,3,...5280};
4 timepesy = fitness(solution);
5 for i € {1...iterations} do

6 timencighbuu'r =0

7 | for je{l...N,} do

8 newSolution = get N eighbour(solution, op);
9 timenew = fitness(newSolution);
10 if timenew < timeneighbour then
11 timeneighbom‘ = timenew;

12 L neighbour = new;
13 if timencighbom. < timepesy then

14 limepes; = timeneighbour;

15 solution = neighbour;
16 else

17 if op == swap then

18 ‘ op = insertion

19 else

20 if op == insertion then

21 ‘ op = adjacent

22 else

23 L op = swap

24 return(solution);

Thanks to the fact that, as explained earlier, VNS uses the three aforementioned algorithms, it
has been able to obtain the best fitness value by a wide margin, at 80.89%, in spite of performing
the worst of all in terms of execution time, doubling in length some of the slowest attempts. All
the other executions of the VNS algorithm were much faster, and still of similar efficiency to its
Hill-Climbing counterparts, adjacent being the sole exception to this.
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TABLE 1. Experimental results obtained. The result is calculated as the percent time reduction over
the initial arrangement.

Algorithm (Ny) iterations % fitness Time
HCyyqp (N5 = 10) 10000 99.93 3:48
HCyap (Ns = 50) 2000 89.40 6:16
HCyap (N5 = 100) 1000 93.23 5:52
HCgyap (Ng = 250) 400 98.88 4:00
HCgyqp (N = 500) 200 98.90 3:22
HCsyap (N5 = 1000) 100 99.57 3:25
HCjpsertion (Ns = 10) 10000 96.18 5:43
HCjpsertion (Ns = 50) 2000 92.81 6:12
HCjpsertion (Ns = 100) 1000 94.13 4:17
HCipsertion (Ns = 250) 400 97.11 4:54
HCipsertion (Ns = 500) 200 99.39 3:02
HCiysertion (Ns = 1000) 100 99.19 3:17
HCygjacens (Ny = 10) 10000 100 3:52
HCygjacens (Ny = 50) 2000 98.86 5:06
HCqygjacens (Ny = 100) 1000 94.51 4:28
HCygjacens (Ny = 250) 400 98.82 4:41
HCygjacens (Ny = 500) 200 99.20 3:21
HCygjacens (Ny = 1000) 100 99.33 3:06
VNS (Ns; = 10) 10000 80.89 14:07
VNS (Ns; = 50) 2000 93.68 6:07
VNS (Ns = 100) 1000 96.53 4:30
VNS (Ng = 250) 400 98.80 4:51
VNS (Ns = 500) 200 99.32 3:18
VNS (Ns; = 1000) 100 99.72 3:25

It is also worth noting that the top result of each algorithm always has Ny equal to or lower than
100, as well as the one that takes the most amount of time to complete, which indicates that it is
preferred to keep the neighbourhood small and perform a high number of iterations in exchange for
a higher execution time. VNS with Ny = 10 achieves the lowest fitness value for the optimization
of the warehouse, a value that obtained some of the worst results when used with the Hill-Climbing
algorithms.

6 Conclusions and future works

This work has presented the modelling of an optimization problem from a real company’s
historical inventory management data. The characteristics of the automatic platforms that operate
the warehouse and their rates of movement are used to create a mathematical model for the operation
of the warehouse. Additionally, historical data on past bonding movements within the area are used
to model the matrix containing the flow or number of movements between sites in the warehouse.
An optimization procedure is defined to properly arrange goods in the warehouse to improve
efficiency and reduce costs. The proposed solution uses the Variable Neighbourhood Search
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algorithm to find the most efficient arrangement of products within the warehouse. This algorithm is
compared to the Hill-Climbing with different operators, but none of them improves the performance
of the VNS, which is measured in terms of both computation time and reduction in operation time.
However, even if the VNS requires more computational resources, the operation time is reduced
considerably enough to accept this algorithm as the best one overall.

Optimizing the layout of a warehouse can have a significant impact on the efficiency of operations.
For instance, by reducing delivery preparation time: By organizing the warechouse layout to minimize
the time materials need to travel. On the other hand, it can reduce bottlenecks and delays. Overall,
properly optimizing a warehouse layout can have a wide range of benefits for the efficiency and
effectiveness of operations.

Future work will focus on real-time warehouse management, including the optimization process
within warehouse operations to ensure optimal allocation of goods when they first arrive. Addi-
tionally, exploring several algorithm variants to find a configuration that elevates the optimization
algorithm to a higher sophistication level. On the other hand, other approaches, such as evolutionary
algorithms or ant colony approaches, will be considered to obtain better results.
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