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ARTICLE INFO ABSTRACT

Keywords: This study proposes a simulation model for allocating counterbalanced forklifts in a logistics
Discrtete-event simulation (DES) distribution center (LDC) with aisle constraints. Modeling the case study for a consumer goods
For]_d“ft firm, the performance measures of the logistics operation were calculated and certain experi-
Logistics ) mental scenarios were purposed for decision-making regarding the number of forklifts and their
Resource allocation L. R . ! ) L. )

Warehouse productivity. The relevance of this research is validated by the gap in existing literature on

enhancing forklift assignments in massive storage systems with restrictions. The simulation sce-
narios contribute toward standardizing logistics operations with similar characteristics, starting
from the layout stage of an LDC. The designed simulation model demonstrates that the simulated
allocation incorporates technical and human resources in warehouse operations. Utilizing
discrete-event simulation (DES) as a framework, this study assesses various scenarios in an LDC
with restrictions on the forklift. The hypothesis of the problem was analyzed, and the simulation
model was used to characterize the system behavior under different scenarios and guide the
decision-making processes impacting operational costs and client service levels. This research
employs DES to address performance indicators and operational costs, serving as a methodo-
logical guide for resource allocation in logistics operations at distribution centers.

1. Introduction

Contemporary logistics firms are confronting global challenges that influence midterm operational costs. The COVID-19 pandemic,
global market integration, logistics networks, and the transition to sustainability pose substantial challenges, diminishing business
competitiveness. Specifically, in Latin America, the Inter-American Development Bank reports that the logistics performance of the
region significantly lags behind other nations [1]. This decline relative to previous periods profoundly affects the ability of organi-
zations to navigate uncertainty and fluctuating demand.

The Development Bank of Latin America, formerly known as the Andean Development Corporation (CAF), examined Latin
America’s logistics profile, focusing on infrastructure, services, processes, information systems, management, institutional framework,
and regulation. This analysis revealed a paucity of genuine logistics operators and a notable scarcity of logistics platform development
projects [2]. These findings underscore the necessity of fostering academic research projects to conceive new logistic strategies.
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The National Council for Economic and Social Policy published the 2020 logistics performance index survey results. Among the 160
participating economies, Colombia ascended to 58 th place, an improvement of 36 positions from the preceding survey. The survey
denoted an increase in national logistics performance from 13.5 % in 2018 to 12.5 % in 2020, even as logistics investments grew by 8
%-10 % of firms’ revenues [3]. Notably, the logistics cost component represents the most significant decline in sales at the business
level. This research addresses the cost implications for logistics operators, warehouses, and associated technologies.

In the 2020-2021 timeframe, the Global Competitiveness Report revealed that 64 % of Colombian companies lacked technological
tools for logistics processes. The logistics performance index score for this period was a modest 2.94 out of 5, trailing behind nations
like Mexico, Brazil, and Chile [4]. This situation underscores the marked uncertainty faced by logistics firms, largely attributed to the
variations induced by the COVID-19 pandemic. Thus, a pressing necessity emerges to investigate the performance of logistics operators
amidst fluctuating demand spikes.

The aforementioned challenges necessitate focused attention on planning logistics processes across supply chain levels. Thus,
effective management is crucial for achieving improved results at reduced costs, ensuring business sustainability, and enhancing end-
consumer performance.

In logistics distribution centers (LDCs), the complex interplay of labor, equipment, and consecutive processes complicates resource
allocation. Within this operational framework, discrete-event simulation (DES) is instrumental for evaluating performance manage-
ment [5]. This study employs simulation methodology to assess logistics operations in an LDC, specifically addressing forklift
assignment problems in LDCs with restricted aisle dimensions, and proposing an assignment model via a DES approach.

The simulation scenarios enhance understanding of the logistics system behaviors and resource allocation in the design of logistics
operations [6]. Although previous studies leverage simulation modeling for logistics facility design, only a few have examined the
impact of aisle dimension restrictions with diverse forklift types. The present study addresses this gap in the literature. Additionally, it
offers a practical contribution by providing a simulation-based framework to analyze performance in logistics facilities with spatial
constraints.

This research aims to facilitate the application of DES in distribution centers, specifically in the allocation of various logistics
operation resources. It examines the interplay between capacity and demand in achieving customer service levels, while considering
the costs incurred by the logistics operator.

The remainder of the paper is organized as follows: the existing literature on the analysis of logistics resource allocation (technical
and human) is reviewed in Section 2. The used simulation model as well as the system’s performance indicators are introduced in
Section 3. The results obtained and alternatives proposed to improve the logistics operations are presented in Section 4. The key
findings are discussed in Section 5, and the conclusions and future works are presented in Section 6.

2. Literature review

The literature review aims to explore similar applications in resource allocation at distribution centers, employing different
techniques and emphasizing the advantages of using DES. This review collates contemporary studies pertinent to this research,
focusing on aspects such as citations, methodologies employed, variables analyzed, validation processes, performance measures, and
significant findings. This comparative analysis enhances the context of this study. The literature review was conducted using Web of
Science and Scopus, identifying 31 articles with the search equation: (warehouse OR stockroom OR storehouse OR stockpile OR "distri-
bution center") AND simulation AND ("forklift truck” OR forklift OR "forklift" OR "stacker truck"). To identify the trends in this domain, six
clusters were identified using VOSViewer, also enabling a temporal evolution visualization (refer to Fig. 1).

. Warehouses design (green cluster).

. Forklifts assignment (light blue cluster).

. Routes design for forklift assignment using optimization and heuristic techniques (dark blue cluster).
. Warehouse management models (yellow cluster).

. Design of DES models using Petri nets (purple cluster).

. Warehouses design with a sustainable approach (red cluster).
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Fig. 1. Left: visualization of six clusters extracted from the literature review; right: clusters visualized by year.
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The literature review (LR) did not adhere to specific inclusion criteria. The articles identified through the search equation spanned
from 2007 to 2020. The distribution of publications was as follows: 30 % between 2016 and 2019, 25 % in 2020, 20 % in 2021, and 10
% in 2022. A significant proportion of these articles originated from Europe (notably Croatia and Italy), followed by the Middle East
(30 %), and the USA (10 %). Among the 31 articles reviewed, the top 10 (refer to Table 1) accounted for 80 % of the citations, totaling
478 citations (refer to Fig. 2). The most cited authors were [7] and [8].

In the LR, the use of discrete events simulation (DES) [7,9-22] was covered in 25 articles for warehouse management, which focus
on different objectives: a) warehouse design [9,23-25] and its shelves [25]; b) planning shorter routes for forklifts [7,8,10,11,14,
20-27], using multiple types of AGV forklifts [7,8,11,18,19,22,24,25,28-30], cranes [29] or forklifts [8-14,17,19,20,22,24,26,27,29,
31-35], powered by hydrogen [12]; c) selection of storage positions [26]; d) location areas [22,31], and wireless charging [19] for
them within the warehouse. In contrast, the supply chain (SC) has been modeled using DES for estimating the materials mobilization
efficiency and storage, the technique is value stream mapping [21].

In the LR, the DES models were primarily modeled in the following software: EXTENDSIMS8 [33], Montecarlo simulation [35] using
a solver in Microsoft Excel [30], Technomatix Plan Simulation software [13], Pawel Zajac Method [34], and FlexSim [30].

The LR on DES for estimating the use of forklifts in warehouses, these techniques have been combined with other statistical,
optimization, and probabilistic techniques for decision-making and minimizing uncertainty. The hybrid techniques include a) data
mining such as the multidimensional scaling algorithm [23] and statistical analysis of least squares [22]; b) optimization [9,16,18,19,
271 using the Dijkstra algorithm [24], linear programming [18,19,30], mixed integer programming [ 28], among others specifically for
forklift routes design, the vehicle routing problem [23], with time windows [7], EKF filtering algorithm [6], which can optimize the
mobilization and positioning system, quadratic allocation (QAP) [9], such as using a single, discrete particle swarm genetic algorithm
(DPSO) [9], dynamic programming [16] or Petri nets [11,29]. A dynamic and periodic programming model is proposed to design
routes for AGFs using a programming model with time windows—a periodic dynamic replanning of time sequences—to avoid
blockages [36]. In contrast, ¢) probabilistic theories such as Markov processes [16], computational fluid dynamics (CFD), and Bayesian
networks [37].

In these simulation models for resource allocation, at least one performance measure should be incorporated to assess the proposed
scenarios against the current state of the logistics facility, along with relevant input variables to define the simulated model. The
related studies can be categorized based on the input variables and performance measures considered (refer to Table 2).

In the LR, the DES has been used to assess sustainability [28,37] using forklifts in warehouses and estimate: a) the environmental
impact and contamination [19,37] caused by the emission of hydrogen [12,35,39]; b) the use of energy [19] and batteries recharging
[28,30,34]. An emerging research area involves simulating forklifts with noncontact static and dynamic electrical power transmission
technology, where magnetic coupling between underground coils and a vehicle-mounted coil reduces battery reliance and recharging
downtime, potentially enhancing resource productivity through new technology adoption [19].

There are two types of scope for the development and validation of DES models, considering other techniques to estimate the use of
forklifts in warehouse management: a) experimental [12,18,22,29,30,32] and nonexperimental. For the latter, extensive experiments
are conducted in real warehouses to validate the effectiveness of the algorithms or simulations [8,22]; the two specific cases reported
in the literature for warehouses were 4000 m2 [14] and 45.4 m® [12]. In contrast, forklifts have been applied in warehouses for crops
[32], hospitals and tug trains [11], tires [19], and aerospace components [15], among others in European factories [7]. However, the
scope of the DES is used to estimate the vibration of the steering wheel of faulty forklifts at idle, including the Hilbert Huang trans-
formation method [17].

LR underscores research in warehouse design, forklift assignment, and route planning, with a focus on sustainability. However,
these studies do not provide detailed steps for using discrete simulation in resource allocation within logistic distribution centers,
which is addressed in this paper.

3. Methodology

The development of the methodology presented herein aims to provide guidance on using DES for allocating various resources in

Table 1
Top 10 citations from the literature review.
Cite Title article Citation
Smolic-Rocak, N, Time Windows BaDES Dynamic Routing in Multi-AGV Systems 92
2010
Estanjini, 2012 A least squares temporal difference actor-critic algorithm with applications to warehouse management 11
Houf, 2013 Hydrogen fuel-cell forklift vehicles release in enclosed spaces 25
Burinskiene, 2015 Optimizing forklift activities in wide-aisle reference warehouse 12
Draganjac, I, 2016 Decentralized Control of Multi-AGV Systems in Autonomous Warehousing Applications 104
Ma, 2017 Fusion of RSS and Phase Shift Using the Kalman Filter for RFID Tracking 46
Burinskiene, 2018 a simulation study for the sustainability and reduction of waste in warehouse logistics 23
Yener, 2019 Optimal warehouse design: Literature review and case study application 32
Barral, 2019 Multi-Sensor Accurate Forklift Location and Tracking Simulation in Industrial Indoor Environments 23
Abideen, 2021 Improving the performance of a Malaysian pharmaceutical warehouse supply chain by integrating value stream mapping and 18
discrete-event simulation
Others 92
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Fig. 2. Pareto analysis for authors, years, and citations.

Table 2

Input variables and performance measure from the literature review.

Inputs variables

Performance measures for DES modeling

Inventory [20,25]

Material handling capability [8,11]

Number of forklifts [8,11,13,27]

Forklift size [8]

Quantity and dimensions of the aisles [25-27,32]

Average order fulfillment time [23,24,27]

Charge and discharge time [14,33]

Human resources assignment [38]

Dock doors assignment [11,30]

Work shifts [38]

Traffic rules [11,14]

Speed [11,14,18,22]

Material flow volume [27]

Deadlock, obstacles, corridors, and crowded spaces [8,29]
Warehouse size [12,14]

Quantity, dimensions, and location of slots [14,25,32]
Slot capacity [25]

Risks and failures of mobilization of chemical products due to forklifts and dangerous goods [9,37]

Ventilated hydrogen deflagration risks [12]

Resupply Cost [24,27]

Quantity of orders [11,33]

Forklift size and programming policies [11]

Mobilization risk policies [37]

Total work cycle time for forklifts [33]

Warehouse utilization level [25]

Decentralization and private forklift maneuvering areas [8]

Efficiency [25,33]

Minimize cost [16,19,28]

Operational and logistics costs [10,34]
Management [9]

Mobilization time [18,26]

Cargo and space [26]

Distance [20,25]
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Fig. 3. . Selection of methodological design.
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distribution centers, including personnel, equipment, machines, and tools, tailored to the specific requirements of logistics processes.
The selected methodological approach is outlined as follows:

3.1. Methodological design

The input data of the simulation model were sourced from one year of historical records, extracted from the warehouse man-
agement system and processed using Microsoft Excel. Fig. 3 illustrates the proposed methodological design for constructing the
simulation model. This approach involves using simulation models to conduct experiments within the logistics system, thereby
avoiding additional costs. Based on historical data and the definition of discrete variables, these models are complemented with
mathematical simulations. The process typically initiates with a conceptual model, representing a set of entities (facilities or processes)
that interact to achieve a common objective.

Systems involve either experiments with the real system or simulations of the system [40]. Consequently, the simulation model
mirrors the characteristics of the system, replicating the behavior of the physical system under operational conditions. Direct ex-
periments with real systems are less frequent owing to their heightened sensitivity to minor variable variations, which can increase
operational costs. Therefore, the experimentation employs a generic forklift assignment model, adaptable for other organizations with
characteristics similar to those studied.

The steps to construct the simulation model are presented in Fig. 4, which are typically utilized in the DES modeling to analyze the
system behavior [38,41]. Note that the steps of DES methodology are determined by the set of logical, mathematical, and probabilistic
relationships that integrate the system behavior in the occurrence of a given event. The steps of the DES methodology defined for this
paper are observed in Table 3.

3.2. Problem formulation

The warehouses for LDCs with narrow aisles pose unique challenges for forklift operations, especially when only one forklift can be
utilized per aisle. This paper assesses the impact of such spatial constraints on LDC operations and examines the performance measures
to enhance logistics processes such as picking, loading, and unloading.

3.3. Hypothesis definition

The simulation scenarios were designed based on the quantity of counterbalanced forklifts, segmented into two groups based on the
objectives and hypotheses of the study, as summarized in Table 4.

3.4. Conceptualization of model

The conceptualization of the model considers operations tailored to warehouse types, based on the nature of the stored goods. In
this instance, the study focuses on a finished product warehouse, a typical format serving as an intermediary between various in-
dustrial activities. This warehouse encompasses general areas for pallet unloading, transfers, storage, replenishments, and dispatches,
as depicted in Fig. 5.

3.4.1. Unloading of vehicles
The primary aim of the operation is to unload pallets from vehicles using counterbalance forklifts. This process commences with

Problem formulation

(2) Hypothesis definition
| Viable strategies

l l

o M User need

Technologically feasible

3) Model conceptualization (4) Data collection and processing
l — (7) Experimentation
— (5) Model construction l
l 8) Analysis and interpretation
Verification l i gl
(6) f”mdl I Final - Documentation
Validation tiigdel

Fig. 4. Selection of methodological design DES.
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Table 3

Stages of discrete-event simulation (DES) methodology.
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No.  Stage Description Application to logistics warehouses

1 Problem formulation The simulation problem to be solved is defined, considering Identify the answers to be obtained with the simulation
that simulation can be used to evaluate, predict or analyze the model, related to the number of resources to be allocated by
behavior of variables in a system. resource type.

2 Hypothesis definition The researcher defines the assumptions about the expected Define the arguments to be evaluated related to the allocation
behavior of the system. These assumptions will then be of resources in the distribution center.
compared with the final simulation results.

3 Conceptualization of The components or operations that are part of the system are Identify process flows, the intervention of resources to be

the model organized, taking into account that they can affect the variables  allocated, along with data sources of processing times by
under study. activity.

4 Data collection and With the preliminary design of the system to be simulated, Collect sufficient and reliable data based on statistical

processing qualitative and quantitative information is collected. The methods. Considering conventional data sources in the
information can be extracted from primary and secondary process or data collection needs.
sources, such as documents, interviews with experts,
observations, or measurements on the object of study.

5 Model translation The data collected in advance are coded and then processed in ~ Use a user-friendly simulation language in accordance with
the simulation software selected by the researcher. Identify the  the level of knowledge of the engineers in the logistics
main components of the initial model. process.

6 Verification and With the data in the system, the behavior of the model is Compare the results of the initial simulation model with

validation verified, and the results are following the expected behavior respect to the historical data of the process and that they are
based on the initial hypotheses of the model. consistent with the consistency defined by the engineering
team.

7 Experimental design The model runs allow you to define how many scenarios you To find the statistical robustness of the model developed,
want to validate, according to the model components and the generating confidence in the simulation process carried out in
comparative strategies of the resources you have, for a change  the distribution center.
model.

8 Analysis and Based on the results of the simulation, the behavior of the The scenarios should allow for rebutting the arguments put

interpretation model is analyzed to determine the ideal scenario to guide forward with respect to the allocation of the various types of
decision-making within the LDC under study. resources.

9 Documentation Finally, the methodological design ends with the The documentation should allow replication of the
documentation of the model indicating the recommendations simulation model under similar circumstances, as well as
and quantitative conclusions reached with their respective allow adjustments to be made to the scenarios and guide the
analysis. simulation in similar processes.

Table 4
System hypothesis.
Scenarios Description of the scenario Objective Hypothesis
1,2,3,4,5 One counterbalanced forklift team is assigned, Include forklift equipment to Greater number of counterbalances and reach trucks
combined with 3,4,5,6, and 7 retractable forklift comply with aisle restrictions. correspond to superior performance of the logistics
teams. operation.
6,7,8,9, Two counterbalanced forklift trucks are assigned, Include two forklifts to improve
10 combined with 3,4,5,6, and 7 reach trucks. the number of pallets dispatched.

Unloading area

Product storage type B

ap

Product storage type AAy A

Transit zone

Picking area

Loading and unloading dock

Fig. 5. LCD general operations.
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Table 5
Forklift equipment datasheet.
Counterbalance forklift Retractable forklift
Image
Description These forklifts are characterized because they have a counterweight ForKklifts are characterized by performing displacements and turning
in the rear area and a support point for the loads in the front area. ~ maneuvers by retracting a mast.
They are used for loading and unloading; therefore, they represent the These are characterized by having less weight and moving in narrower
most conventional types of forklifts. aisles; therefore, they represent the type of forklift with good
performance.
Operating Manual Manual
system
Lifting height 7.50 m 8.50 m
Aisle 3.20-4.00 m 2.70-2.80 m
dimensions
Storage system Selective shelving

Drive-in shelving
- Dynamic shelving

Adapted from MECALUX: Storage systems.

pallet unloading for storage, culminating when the pallets are positioned in the transit zone. In the receiving area, an operator inspects
the pallets before transferring them to the transit area.

3.4.2. Transfer to picking area

The objective of the second operation is to relocate pallets from the transit to the picking area using reach trucks. This is achieved
based on the product classification within each rack. The filling begins at the lower levels of the racks, with products sorted by type and
rotation frequency, placed near the staging areas and loading docks for easy access.

3.4.3. Transfer to storage area
The third operation aims to move pallets from the transit zone to the storage zone using retractable forklifts. These forklifts allocate
products according to predefined storage zones in the layout for each product type.

3.4.4. Replenishment
The fourth operation involves replenishing products from the second level or higher in the picking zone to the first level and
restocking products from various storage areas to the picking area, utilizing reach trucks.

3.4.5. Dispatch

The objective of the fifth operation is to transport full pallets from the storage area to the loading docks using reach trucks,
considering the location and maneuvering of the pallets. According to historical data, 78 % of the products are shipped as full pallets,
whereas the remaining 22 % comprise incoming boxes.

3.5. Case study

This methodological model was applied in a case study at a leading LDC in the consumer goods sector.
The general characteristics of the LDC include: (1) a double linear distribution by the logistics operator; (2) restricted aisles; (3) the

Table 6
Product classification by percentage of sales.
Product type classification Percentage of sales Capacity Level 1 (pallets) Capacity level 2 and above (pallets) Total capacity (pallets)
AA 41.22 % 251 1186 1437
A 38.02 % 231 1094 1325
B 16.26 % 99 468 567
C 4.50 % 27 130 157
Total 100 % 608 2878 3486




M. Becerra-Fernandez et al. Simulation Modelling Practice and Theory 133 (2024) 102902

THO T TR O AL
]\!_\][[:]il\Productstoragetypec[|]:]|||[,”
(RN i i TR
0000
5
Product storage type B
d d
Administrative area HEHODHHEAEDR 4_
.. AL AR AR BN | | I
- & = = e
bl I Product storage type AAy A
! b} ] B |y
bl sl g IF 61T EI P (T F EE T E D TTTTT]
e s .. i 7 5 5 5 5 05 5 5 I H
Il Transit zone aoglE
. e A HHH
e e | 7| W Picking area 2
se s W .
Sl " T i 1 "‘h\_, k,t
Unloading area ‘
‘E H Loading and unloading dock E -
demdl el el et

Fig. 6. General layout of the LDC. (4) Storage area for type AA and A products. (5) Storage area for type B products and (6) mass storage area for
type C products.

Table 7
Number of observations (n') of the preliminary study.
Forklift Variables n’
Counterbalanced Unloading 30
Pick-up 30
Placement 30
Retractable Pick-up 25
Placement 25
Loading 15

use of two types of forklifts, as detailed in Table 5; (4) an expected service level corresponding to the throughput value of the
simulation; (5) the execution of operations such as vehicle unloading, transfer to the picking and storage areas, replenishment, and
dispatch.

The pallet storage in the LDC is organized by classifying products into four types: AA, A, B, and C. This classification is based on the
percentage of sales each product type contributes to the total stock. The allocation process involves categorizing and defining product
importance according to their sales percentage, as expressed in Table 6.

The layout defined and the processes conducted within the LDC operation are described below.

- LDC layout

The warehouse distribution has a total LDC area of 13,792 m2 comprising six areas: (1) unloading area: 2522 m2. (2) Picking area:
2355 m2. (3) Transit area: 420 m2. (4, 5, and 6) storage area depending on the type of product.

The storage area of the logistics operator represented by areas 4, 5, and 6 corresponds to 8495 m2 arranged to store four types of
products (refer to Fig. 6).
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Table 8
Several observations (N) with statistical method.
Forklift Variables N
Counterbalanced Unloading 46
Pick-up 55
Placement 39
Retractable Pick-up 31
Placement 45
Loading 21

3.5.1. Data collection

The data collection and analysis provided statistical robustness of the simulated model, allowing to correctly represent the logistics
operation and subsequently evaluate scenarios. In the collection and analysis of system variable times, the number of preliminary study
observations can be empirically determined by process expertise. However, for this research’s time study analysis, the standardized
guide of approximate values from The General Electric Company is referenced [42]. According to the recommended number of
observation cycles (n), the following values are considered for each variable, as observed in Table 7.

The sample size for preliminary observations is calculated using methods such as statistical and monographic approaches. This
study utilizes the statistical method formula (refer to Eq. (1)), considering a 95 % significance level and a margin of error of +/— 5 %

[43].
400/ 2 — S (x)?)
n= S ) 1)
where

n: size of sample to be calculated (number of observations).

n : number of observations of preliminary study.

x : value of observations.

40 : constant for a confidence level of 95%.

Applying Eq. (1), we obtained that if the number of observations is less than the required number, this time-taking must be
completed considering the observations (N) (refer to Table 8).

Following new model runs, the study proceeds with independence tests for the times of each variable. A summary of the results
obtained from these tests is listed in Table 9.

To validate the independence property of the data set, the following hypotheses for the model are formulated:

e HO: The times of the number of observations are independent.
e Hi: The times of the number of observations are not independent.

If the calculated value exceeds the theoretical value (refer to Table 9), it indicates that the numbers in the analyzed set are not
independent. The test employed an alpha value a =0.025, corresponding to a significance level of Z, = 1.96 according to the number
of observations of each variable.

Utilizing the Stat Fit program, the independence test concluded that Hy should be accepted because the calculated value (p-value) is
lower than the theoretical value (level of significance). Therefore, the times of all observations (n) are independent. An example of the
independence test applied to each variable in the model is available in the appendix (Figs. 10 and 11)

The goodness-of-fit test results listed in Table 10 determines the probability distribution. An example of the application of these
tests for one of the six variables of analysis of the model are referred in the appendix (Figs. 12and 13)

Table 9
Independence test (summary).
Time counterbalanced forklift Time retractable forklifts

Variables Unloading Pick-up Placement Pick-up Placement Loading
Data points 46 55 39 31 45 21
Points above median 23 27 19 15 22 10
Points below median 23 27 19 15 22 10
Total runs 25 31 20 12 21 8
Mean runs 24 28 20 16 23 11
Standard deviation runs 3.353 3.639 3.040 2.690 3.277 2.176
Runs statistic 0.298 0.824 0.000 1.486 0.610 1.378
“Level of significance 1.960 1.959 1.959 1.959 1.959 1.959
“p-value 0.766 0.409 1.000 0.137 0.541 0.168

" p-value: calculated value; * level of significance: theoretical value.
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Table 10
Goodness-of-fit test (summary).
Counterbalanced forklift Retractable forklift
Unloading Pick-up Placement Pick-up Placement Loading
Distribution Lognormal Normal Beta Johnson SB Weibull Logistic
Rank 98.9 100 100 100 100 94
Minimum —180,892 0.751 0,957 0.499
Maximum 1.719
Mean 0.997
Alpha 7.396 2.495
Beta 0.522 7.175
Gamma -0,106
Delta 0,772
Lambda 8.18E-02
Sigma 6.72E-04 4.45 E-02
Mu 5.203
P 1.029
Q 2.9
Table 11
Elements included in the construction of the simulation
model.
Element Quantity
Locations 249
Entities 3
Types of resources 2
Networks 2
Nodes 157
Attributes 3
Variables 6
Shifts 2
Macros 8

Table 12
Variables of simulation model.
Acronym  Name of Variables Description
UCF Unloading time for counterbalanced Time spent by the counterbalanced forklift in the process of unloading pallets from the docks to the transit
forklift area.
PCF Pick-up time counterbalanced forklift Time spent by the counterbalanced forklift in the process of picking up the pallets going to the transit area.
LCF Counterbalanced forklift placement Time spent by the counterbalanced forklift in the process of locating the pallets in the picking area.
time
PRF Pick-up time retractable forklift Time used by the forklift truck to pick-up pallets from upper levels.
RFL Retractable forklift placement time Time spent by the reach truck in the process of locating the pallets to be taken from the transit area to the
picking area.
LRF Loading time of retractable forklifts Time used by the forklift truck in the loading process of the pallets being shipped.

3.5.2. Translation of the model
The summary of the number of elements in the simulation model is listed in Table 11.

3.5.3. Model components
The components of the model under evaluation are described in Table 12.

3.5.4. Performance measures
For the analysis of the simulated system, the following three main performance measures were defined for evaluation across the 10
proposed scenarios. These measures are based on productivity indicators for warehousing that associate pallet handling with resource

utilization.

e Pallets per hour rate (PHR): This is calculated as the number of pallets dispatched per unit of time in hours (refer to Eq. (2)).

10
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PHR = S—P, @
SH

where
PHR: pallets per hour rate.
SP: shipped pallets.
SH: simulated hours.

e Percentage of pallets in the queue (PPQ): to be stored with respect to the total number of pallets received at the LDC (refer to Eq.
(3.
POS

PPQ:ﬁ7 3

where
PPQ: percentage of pallets in the queue.
PQS: pallets in queue for storage.
RP: received pallets

e Percentage of stored pallets (PSP): This index calculates the number of stored pallets relative to the total number of pallets
received at the LDC (refer to Eq. (4)).

SP
PSP = —
S RP )

where
PSP: percentage of stored pallets
SP: stored pallets.
RP: received pallets.

3.5.5. Pallet traffic
Based on historical data, the volume of pallets received and the request for pallet orders to be shipped was established, as detailed in
Table 13.

3.5.6. Loading, unloading, pick-up, placement, and speed of the equipment
The equipment characteristics evaluated in the LDC operations are outlined in Table 14. This includes the capacity of counter-
balanced equipment to transport two pallets per trip to the transit zone.

3.5.7. Schedule
The schedules for the LDC simulation model are defined in Table 15.

3.5.8. Restriction of runs

To manage aisle restrictions, we accounted for the circulation network components of the retractable forklift equipment. The
capacity of the nodes is restricted to one for aisles lacking alternate access routes and two for aisles with dual access or distinct entry
and exit routes.

3.5.9. Model verification and validation

The data validation, ensuring the simulated model accurately reflects the operator system of the real logistics, was conducted using
B.L. Welch’s method. This approach, developed over the years, provides a means to compare the means of two normal, independent
populations, even when variances differ. The number of repetitions for the model can be calculated using Eq. (5). Note that a greater

Table 13

vol of pallets received and dispatched.
Pallets Per day Vehicle capacity (pallets) Hours per day Arrival frequency (hours per vehicle)
Received 1200 48 24 0.96
Dispatched 1700 36 16 0.34

11
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Table 14
Equipment characteristics.
Type of equipment  Unloading time (min/ Loading time (min/ Pick-up time (min/ Placement time (min. per Speed (m. per
pallet) pallet) trip) trip) min)
Counterbalanced 1.0 NA 1.0 1.0 66
Retractable NA 2.5 1.5 1.5 66
Table 15
Simulation model schedules.
Placement Shift 1 Shift 2 Shift 3
Vehicles receipt 06:00 AM a 2:00 PM 02:00 PM a 10:00 PM 02:00 PM a 10:00 PM
Vehicles dispatching Not applicable
Table 16
Data for calculating the number of repetitions.
Variables Values
Average number of runs 34.65
Historical performance measure 36
Variance of tests 22.31
Number of test replications 30
Level of significance 0.05
Distribution value t 1.697

number of repetitions indicates more precise estimation of averages and significance tests [44].

0% * (tan/,l)z
=2 " Vartl) 5
E-c) ©)

where

o2

: variance of the test.

(tyn—1) : distribution value t (level of significance : 0.05 and number of test replications).

X : average number of runs.

C : historical performance measure.

In the average run considered in the model, the values indicate the number of pallets dispatched per hour by the forklift, as detailed
in Table 16. The performance measure relates to the capacity of the vehicles to dispatch pallets per hour. The model uses a total of 30
replicates and sets a significance value at 0.05.

L2231 x (1.697)°
(34.65 — 36)°

n = 35 repetitions

The analysis concludes that the optimal number of repetitions for the model is 35. Similarly, the run length is determined to ensure
model result stabilization, using Tchebycheff’s theorem.

The replicate length, calculated using Eq. (6), confirms that the number of observations (n) is sufficiently large to minimize
variation between replicates, thereby enhancing the accuracy of the model [45].

1/5\2
=) ©
where

Table 17

Data for the calculation of replica length.
Variables Values
Reject level 0.05
Standard deviation 4.72364667
Rank 0.2
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Table 18
Scenarios.

Scenario Counterbalanced forklift Retractable forklift

= O 0N UA WN -
NNDNDNDNE == ==
NO U~ WNO U AW

(=}

 : reject level.

s : standard deviation.

€: rank.

An initial run of n = 30, with a range of +/— 0, 2 and a level of acceptance of 95 % (refer to Table 17).

. 14,7236
T 005\ 0.2

n=11.156

Following the calculation of replicate length, the number of data points for each replicate length (n) is simulated to apply the F
distribution. This distribution is utilized to compare variances between the simulated model data and historical data. To validate this
approach, the respective hypotheses of the distribution are established.

e Hj : no significant difference exists between the number of pallets dispatched per
hour of the historical data and the results obtained in the simulation model.

e H; : significant differences between the number of pallets dispatched per

hour of the historical data and the results obtained in the simulation model.

F«:n—l;n—l > FO

Foosa1.155,11,155 = 1031 > Fo = 0,994

Note: if the F statistic > F,, Hy is rejected; otherwise, it is accepted.
The decision to accept Hy is based on the observation that the critical value for F, of one tail exceeds Fy. This indicates no sig-
nificant difference between the number of pallets dispatched per hour in the historical data and the results from the simulation model.

3.6. Model run
3.6.1. Number of scenarios

In determining the alternatives for simulation, various combinations of counterbalanced and retractable forklift numbers were
considered, as depicted in Table 18.

4. Results

The results of the model, derived from running replications for each scenario through the simulation software, are presented by
performance measure as follows:

4.1. Production runs and analysis

To conduct the 10 proposed scenarios, the predefined performance measures—PHR, PPQ, and PSP—were calculated. For the pallet
handling metrics, the warm-up period of the LDC was factored in. The vehicle dispatch commenced when approximately 40 % of its

13
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Table 19
Results by scenario (mobilized pallets).
Scenario Counterbalance Retractable PHR PPQ PSp
1 1 3 24.79 55.72 44.27
2 1 4 25.30 55.40 44.59
3 1 5 25.60 55.34 44.65
4 1 6 25.85 55.31 44.68
5 1 7 25.97 55.29 44.70
6 2 3 43.27 14.56 85.43
7 2 4 44.35 13.71 86.28
8 2 5 45.20 12.82 87.17
9 2 6 45.61 12.16 87.83
10 2 7 45.88 11.70 88.29
Retractable Forklift
v v
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50 4
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Fig. 7. Pallets dispatched per hour.
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Fig. 8. Percentage of stored pallets concerning pallets in a queue.
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Table 20

Results by scenario (equipment utilization and blocking).
Scenario Counterbalance Retractable PUC PBC PUR PBR
1 1 3 99.77 0.00 49.19 0.21
2 1 4 99.99 0.00 36.84 0.39
3 1 5 99.99 0.00 29.54 0.48
4 1 6 99.99 0.00 24.59 0.67
5 1 7 99.99 0.00 21.11 0.82
6 2 3 98.73 0.00 95.66 0.25
7 2 4 99.01 0.00 71.92 0.64
8 2 5 99.36 0.00 57.85 5.74
9 2 6 99.71 0.00 48.91 12.12
10 2 7 99.88 0.00 42.47 16.55

Retractable Forklift

3 4 5 6 7 3 4 5 6 7
100 I 1 T T T 100
80 [ | ‘ [ | | [ [ 80
60 | ‘ | 60
) L ‘ = - g
E 40 || 40 £
g ‘ i
g H g
& 20 20 &
: 2 | 3 | 4 T s 6 [ 1 8 9 10 g
|2PBC 0,00 | 0,00 | 0,00 | 0,00 | 0,00 0,00 0,00 0,00 0,00
| PUC 99,99 99,99 | 99,99 99,99 98,73 | 99,01 99,36 | 99,71 | 99,88
HIPBE 0,39 048 0,67 0,82 0,25 0,64 5,74 12,12 16,55
|mPUE 36,84 29,54 24,59 21,11 95,66 71,92 57,85 48,91 42,47
Scenario
1 Counterbalanced Forklift 2 Counterbalanced Forklift

Fig. 9. Percentage of equipment utilization.

capacity was reached, equating to approximately 9456 pallets.

For scenarios 1-5, involving a single counterbalance forklift, the warm-up period was 423 h. In contrast, for scenarios 6-10, which
utilized two counterbalance forklifts, the warm-up period was reduced to 216 h. The scenario-specific results related to pallet handling
are detailed in Table 19.

4.2. Pallets per hour rate

Considering the average number of pallets dispatched per hour, a notable increase was observed when transitioning from one to
two counterbalance forklifts. Interestingly, no significant variations were evident with the addition of more reach trucks, as illustrated
in Fig. 7.

4.3. Percentage of stored pallets concerning pallets in a queue

In the subsequent analysis, the results indicated that the average PSP increased proportionally with the addition of counterbalance
forklifts—from one to two. Conversely, the average percentage of pallets in queue decreased with the same adjustment in forklift
numbers.

Similar to the pallet dispatch rate, the PSP displayed minimal impact from variations in the number of counterbalance forklifts, as
depicted in Fig. 8.

Employing simulation to analyze LDC elements yielded initial results for the established performance measures. Among the benefits
of simulation is the generation of additional analysis metrics that reinforce the logic of the simulated behavior of the system. The
scenario-specific results are demonstrated in terms of the percentage of utilization of counterbalanced forklift equipment (PUC),
percentage of blocking counterbalance forklift equipment (PBC), percentage of utilization of reach truck equipment (PUR), and
percentage of blocking retractable forklift equipment (PER), as detailed in Table 20.
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4.4. Use of equipment

In equipment utilization, the counterbalanced forklifts approached 100 % usage, indicating they are a bottleneck in the operation.
With an increase in the number of retractable forklifts, the average utilization percentage decreased, whereas the average percentage
of blockage owing to aisle restrictions increased, as depicted in Fig. 9.

5. Discussion

DES models for resource allocation in distribution centers offer a heightened level of detail for operations planning compared to
alternative methodologies. To effectively compare the outcomes of different methodologies, identical conditions must be simulated
under each approach.

A critical component in DES modeling is the data pertaining to the processes being simulated. This is exemplified in the case study
by[5], who examined a complex labor allocation system in a warehouse with significant daily workload variability. The study
highlighted the need for additional tools to process historical data under such dynamic conditions, necessitating the simulator to sift
through irrelevant information and inferentially complete the data for the process being simulated.

Therefore, the selection of simulation methodology becomes a versatile tool, aligning with other research efforts. For instance, [38]
utilized DES in customer services to satisfy the service levels of a financial product company. They employed statistical estimations,
hypothesis tests, and goodness-of-fit analyses to validate the representativeness of historical data against simulation-derived data.

Differing from existing case studies in literature, this research applied each stage of the DES methodology in a practical manner.
Thereafter, statistical tests were used to treat and validate data from each logistic operation, thereby reducing uncertainty and margin
of error between historical and simulation-generated data.

The added value of the study lies in its comprehensive simulation of operations in the LDC case study, encompassing activities with
similar characteristics. This enables analyses of resource allocation under changing operational conditions. The simulation model
facilitates time and cost savings in information gathering and guides the layout design and logistics setup for new clients [38].

In conclusion, the results from models run under various resource allocation scenarios support counterintuitive thinking, rendering
them a valuable tool for decision-making. Furthermore, this can impact cost and service levels in logistics operations at LDCs.

6. Conclusions

LR establishes a conceptual trajectory underscoring the significant impact of logistics on organizational performance. Within this
framework, the LDC and its internal operations extend beyond mere physical spaces, embodying an environment crucial for satisfying
client service level expectations.

The epistemological foundation of this research is supported by variables influencing the problem articulated in the article. It
highlights the potential to create analytical scenarios that facilitate understanding the response of the system to alterations in resource
allocation and the impact on output percentages across various analyzed elements.

Based on the development of the simulation model of the LDC, we can conclude that with a single counterbalanced forklift, the
average number of pallets dispatched per hour is ~26. However, simulations with two counterbalanced forklifts displayed an increase
in the average number of pallets dispatched to 45. Despite these variations in the number of counterbalanced forklifts, there are no
significant shifts in the average PHR or in the average percentage of pallets stored.

Regarding the other two system performance measures, the results suggest that operating with two counterbalanced forklift trucks
positively impacts the average PSP, increasing it from 45 to 87 pallets. Consequently, the average PPQ is expected to decrease from 55
to 13 pallets on average. Notably, these results are not significantly altered by variations in the number of forklift trucks across the 10
scenarios.

The analysis of equipment utilization percentages leads to two key inferences:

(1) Counterbalanced forklifts, regardless of their number, exhibit the highest utilization rate, indicating that the processes they are
involved in represent the operation’s bottleneck. This bottleneck is influenced by aisle restrictions and available space for this
type of forklift.

(2) The use of two counterbalanced forklifts results in an increased number of pallets dispatched per hour and a higher percentage
of pallets stored.

Despite their smaller dimensions, retractable forklifts experience a decline in average utilization rate when more units are avail-
able. The simulation also reveals an uptick in the average blocking percentage due to aisle constraints in the distribution center, which
limits the movement of multiple forklifts in a single operation.

Among the 10 scenarios analyzed, scenario six—which involves the use of two counterbalanced forklifts and three retractable
forklifts—demonstrates a noteworthy outcome. This finding signifies an average utilization rate of 98.73 % for counterbalanced
forklifts, the highest average utilization rate for retractable forklifts at 95.66 %, and the second-lowest average blocking rate for
retractable forklifts at 0.25 %.

The outcomes of the simulation model indicate the following conclusions: employing two counterbalanced forklifts enhances the
dispatch rate of pallets per hour. However, given aisle restrictions, the hypothesis that an increased number of forklifts enhances
logistics operation performance is disproven.
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The analysis by scenarios reveals that a greater number of forklifts correlates with a higher incidence of forklift blockages.
Consequently, operation management implement the use of two counterbalanced forklifts and three retractable forklifts.

DES models offer a superior level of detail and specificity in resource allocation within LDC operations, surpassing more generalized
methodologies. They enable computational visualization of current and proposed operations under various user-defined scenarios.

The methodology introduced in this paper aims to streamline resource planning in distribution centers through DES models,
serving as a blueprint for constructing similar models or even applying it to other types of SC operations.

The primary challenges in this research include accessing information, training teams in DES, and the urgency for rapid results.

Future research for logistics operators should focus on developing DES studies as a tool for informed decision-making regarding
resource allocation, facility design, and logistics processes in LDCs, among other aspects.

The fundamental purpose of employing simulation is to identify the most effective strategies for enhancing LDC competitiveness,
considering critical factors like time and costs, especially for operations with unique characteristics that necessitate sequential
execution, thus adding to the complexity of the system.

Acknowledgements

The authors would like to thank the School of Engineering, Science and Technology of the Universidad del Rosario for its support in
the publication process.

Data availability

No data was used for the research described in the article.

Appendix
Scatter of Input Data
1.60
e +
+
+
+ + o+
1.10 tapd bk L
3
+ +
+y + s B
+
+ B+ ¥ " + +
0.60
0.60 0.80 1.0 1.2 14 16

Fig. 10. Independence test for the third variable: time of the placement of a counterbalanced forklift (example).
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Fig. 11. Autocorrelation of input data for the third variable time of the placement of a counterbalanced forklift (example).
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Auto::Fit of Distributions

distribution rank acceptance
Johnson SB[0.957, 8.19e-002, -0.106, 0.773] 100 do not reject
Beta[0.954, 1.04, 1.88, 1.5] 91.2 do not reject
Triangular[0.946, 1.04, 1.01] 77.5 do not reject
YWeibull[0.801, 10.6, 0.207] 75.8 do not reject
Logistic[1., 1.31e-002) 63. do not reject
Normal(0.999, 2.17e-002) h9.2 do not reject
Lognormal[-181, 5.2, 1.19e-004] h9.2 do not reject
Power Function[0.954, 1.04, 1.43) 32.2 do not reject
Pearson 5[0.812, 67.2, 12.4] nb do not reject
LogLogistic(0.294, 58.1, 0.705) 3.4 do not reject
Rayleigh(0.951, 3.72e-002] 16.7 do not reject
Uniform(0.954, 1.04) 15.9 do not reject
Extreme Value IB no fit reject

Fig. 12. Goodness-of-fit test for location of counterbalanced forklift-distributions ranking (example).
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Fig. 13. Goodness-of-fit test for location of counterbalanced forklift-density fit graph (example).
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