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Abstract: Background: The unprecedented supply chain disruptions caused by the prolonged COVID-19
pandemic forced many firms to change their way of doing business dramatically. These changes
include quickly responding to the growing demand for online orders and the corresponding direct
shipments to customer locations. These changes have been further accelerated by rapid technological
innovations resulting from the fourth industrial revolution (Industry 4.0). One of the most notable
technological transformations that we have witnessed is the growing popularity of smart warehous-
ing concepts. Although smart warehousing may represent a wave of the warehousing future, the
published literature rarely documents its underlying principles, specific application targets, and po-
tential impacts on supply chain performance. This research aims to identify key drivers of the digital
warehousing revolution and describe important value propositions for warehousing automation.
Methods: To help companies develop smart warehouses successfully as an integral part of a supply
chain link, I conceptualize an ideal smart warehousing system, design its basic architecture, propose
specific milestones for monitoring the progress of smart warehouse development, and then, identify
critical success factors for its full utilization in today’s volatile warehousing environment. This
paper employed qualitative content analysis to conceptualize smart warehousing development and
establish a smart warehousing framework. Results: A smart warehouse will bring many managerial
benefits, including warehousing cost efficiency, labor productivity, and agility in the era of the knowl-
edge economy. Conclusions: This paper will enable companies to accelerate digital transformation
and improve their competitiveness amid the post-pandemic industrial revolution.

Keywords: smart warehousing; warehousing technology; innovation; the fourth industrial revolution;
change management

1. Introduction

Extended lockdown, sheltering-in-place, transportation restrictions, and absenteeism
resulting from the COVID-19 pandemic exposed various weaknesses in the global supply
chain and disrupted supply chain activities. Accenture [1] reported that an overwhelming
majority (94%) of Fortune 1000 companies experienced supply chain disruptions due to
COVID-19 and suffered negative business impacts. Many firms were pressured to change
their conventional supply chain practices to mitigate the adverse ripple effect of these
disruptions. According to a survey of senior executives across industries conducted by
McKinsey [2], a vast majority (93%) of them indicated that they intended to make their sup-
ply chains more flexible, resilient, and agile. As an effective way to achieve such a supply
chain goal, many companies have begun to embrace innovation that adds value to their
supply chain partners and customers through digitizing processes and communication [3].
The heart of this innovation centers around the “intellitization” (knowledge creation), inte-
gration, automation, and virtualization of supply chain activities. Intellitization, facilitated
by the fourth industrial revolution (Industry 4.0), aims to drive massive productivity gains
through greater access to the wealth of real-time information and digital transformation.

Digital transformation dictates how a company creates and delivers value to its cus-
tomers by rapidly adopting computerized technology. This transformation entails the
digitization (computerization) of physical resources and their integration with the global
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internet network built upon the Internet of Things (IoT). IoT connects physical objects to
different computing devices to “talk” to (communicate with) each other and exchange data
over the internet. IoT equipped with real-time human–machine user interfaces, advanced
networking, and security platforms, has become crucial for developing artificial intelli-
gence (AI) [4,5]. This developed AI could be a brain for a smart warehouse system. In
particular, man–machine interfaces that can convert human-intelligible commands into
machine-readable commands, and the reverse conversion of machine feedback into human-
understandable information, would be essential for debugging warehousing deficiencies,
detecting pre-maintenance needs before actual warehousing equipment failures, and the
subsequent reduction in warehousing equipment failure frequencies [5–7].

At the core of the smart warehouse system is a cyber–physical system (CPS) that
allows for autonomous decision-making capability based on the seamless integration of
cyber (computation) and physical components (e.g., machines) and the real-time infor-
mation gathered from the IoT. As shown in Figure 1, CPS is designed to integrate sensor
technology, data computation, and information networking into “smart” physical objects
and infrastructure by connecting them to IoT [5,7,8]. The emergence of the CPS supported
by sensor technology, which mimics human sensing capabilities (e.g., musical–rhythmic,
visual–spatial, verbal–linguistic, logical–mathematical, and bodily–kinesthetic sensing),
has blurred the boundary between man and machine and has begun to replace humans’
roles in managing business activities [5,7]. That is to say, the machine provides humans
with more free time and leeway, reduces human error, and improves adaptability to today’s
dynamically changing business environments. In addition, CPS fueled by IoT can enhance
machine-to-machine (M2M) connectivity, which, in turn, increases the opportunity for
faster and more accurate communication between supply chain partners [5]. Since the im-
proved connectivity among multiple warehouses and supply chain partners enables them
to collaborate and interact with each other more frequently, the CPS can create synergies
among supply chain partners via digitally linked information/communication networks.
In a nutshell, CPS can transform the way humans interact with physical systems (e.g., ma-
chines) and drive endless innovation. Therefore, it is worth assessing the true value of CPS
and exploring the possibility of leveraging CPS for automated warehousing operations. Up
to this point, CPS has been successfully utilized in the agriculture, aeronautics, education,
energy, healthcare, manufacturing, and transportation sectors [5,9,10].

One of the fruitful applications of CPS may include the development of a smart
warehouse where people work together with collaborative robots through human–machine
interactions. In a smart warehouse, warehousing operations are digitally integrated and
monitored based on the real-time information available on various computing devices,
including laptops, smartphones, and tablets. Generally, a smart warehouse is an intelligent
warehouse of the future that can create flexible, reconfigurable, and agile warehousing
environments by automating warehousing activities and running diagnostics for any
need, in order to enable the repair and improvement of warehousing equipment and
information technology via harmonious communication among all the computer systems,
mobile devices, machinery, automated guided vehicles (AGVs), and equipment on the
warehouse floor. As shown in Figure 2, critical components of the smart warehouse include
(1) CPS; (2) cloud computing services; (3) Internet of Things (IoT); (4) automated control
platforms; (5) warehouse management systems (WMS); and (6) collaborative robots (so-
called “cobots”).
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Since the heart and soul of a CPS’s control mechanism are sensors and actuators, they
play a crucial role in successfully applying smart warehousing technologies. In a broad
sense, sensors can measure pressure, temperature, moisture, gas flows, magnetic fields,
radiation, and ultrasound, while allowing computation of the mean, standard deviation,
and variance for a set of measurements [5,7,11,12]. As such, they can help detect any ab-
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normality and damage to the warehousing infrastructure and process. Data obtained from
sensors allow for faster reaction to any problems and help eliminate potential issues, such
as employee mistakes, idling workers, accidental risk, theft, pilferage, spoilage, diversion,
and equipment breakdown, before completing the warehousing process. Cloud computing
services provide on-demand computing resources, such as data, software, platform, and
infrastructure, via hosted internet services, thus enhancing computing power while saving
costs and making smart warehousing technologies more accessible and scalable [5,7].

IoT is an overarching concept designed to link a network of computers, humans,
and physical objects to the ubiquitous internet [5,7,13–15]. Through enhanced traceabil-
ity and ubiquitous connectivity, IoT facilitates data gathering/sharing/synchronization,
machine-to-machine communication, interaction, and channel integration across the supply
chain [5,7,13,16]. Thus, IoT can ramp up the flow of real-time streaming data in an auto-
mated warehouse, and subsequently help constantly monitor and control all the moving
parts of the warehouse through real-time information exchange and sharing. In other
words, IoT improves the opportunity to promptly respond to changing warehousing con-
ditions and take quick corrective action, if necessary. IoT also helps plan, provide, and
execute mobility solutions based on the information created by IoT while helping to con-
nect and automate warehousing equipment and tools. The primary role of IoT is to help
managers derive business insights or intelligence from the collected, filtered data through
data visualization or tracking, and subsequently facilitate managers’ responses to external
and internal business activities [5,7,13,14,17,18].

An automated control platform primarily consists of two components: (1) automated
inventory control and (2) automated picking control. In a typical warehouse setting, in-
ventory logging, cycle counting, inventory replenishment, and slotting are routine tasks.
However, the manual handling of these tasks will be prone to errors in data, transcription,
and execution, and subsequently, can cause unwanted disruption in warehousing opera-
tions. An automated inventory control platform is an essential prerequisite to smart ware-
housing. An automated inventory control platform automates cycle counting, inventory
tracking, inventory item tagging, inventory deployment/location planning, space planning
for inventory stocking, etc., while reporting, synthesizing, and updating inventory-related
data in real time. This platform can be aided by an automated storage and retrieval system
(AS/RS) that aims to create synergies between many different types of technologies, soft-
ware, hardware, vehicles, and robotics to streamline and automate the handling, storage,
deposition, and retrieval of inventory items in a warehouse [19]. Order picking has long
been recognized as the most expensive warehousing activity, and thus, has become the
main target of cost-saving automation efforts [20]. The inclusion of automated picking
platforms can increase picking efficiency and accuracy by using various innovative picking
tools, such as voice-activated and pick-to-light picking tools designed to reduce picking
time and human error.

A warehouse management system (WMS) is intended to comprehensively consolidate
all warehousing data into one easily accessible platform to provide a complete view of
warehouse work and material flows, and thus, enhance visibility throughout warehousing
activities. It is also designed to speed up order processing time, provide instant order
status information, and increase warehouse space utilization and labor productivity [21]. A
collaborative robot (“cobot”) is an industrial robotic technology built and programmed to
work safely alongside workers. It allows machines and humans to work side by side on
the same task simultaneously, and in the same area. Material handling is an application
area where cobots can especially come into play since they can automate the tasks of
palletizing, moving heavy materials from the receiving dock to the storage location, and
verifying incoming material quality [22,23]. Cobots can be aided by automated guided
vehicles (AGVs) that can ramp up AS/RS, putaway, loading, and unloading activities by
following digital paths through the warehouse. Eventually, AGVs can reduce material
damage risk during material movements, increase inventory accuracy, and boost material
handling efficiency.
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In the following sections, this paper will be organized in the following order: the re-
search methodology; a description of the key research agenda, architecture, implementation
plans, and managerial implications of smart warehousing; and future research directions.

2. Research Methodology

Smart warehousing incorporates multiple automated and interconnected technologies
to improve warehousing agility, scalability, and visibility. Due to the inherent difficulties of
integrating and harmonizing various technologies simultaneously, its practical implemen-
tation is scarce. Only a few companies are constructing and operating smart warehouses at
this moment. Since it is difficult to document the challenges and opportunities of smart
warehousing in practice, research on smart warehousing is still nascent, as noted by van
Geest et al. [24]. The limited smart warehousing practice constrains the potential sampling
of smart warehousing data. Therefore, conventional empirical research based on ques-
tionnaire surveys or analytical studies predicated on mathematical/simulation models is
not feasible for smart warehousing research. We employed a qualitative research method
primarily based on content analysis as an alternative research tool that is non-conventional
but easier to comprehend and implement. This qualitative research methodology is induc-
tive rather than deductive, and will help provide in-depth information about the emerging
smart warehousing trend and its managerial ramifications [5,25–27]. Another rationale
for the proposed qualitative content analysis is its scalability, which allows us to handle a
large amount of textual material available from many public domains, such as published
articles, books, internet sources, and field studies. This scalability helps generalize study
observations and eases the concern about the subjective interpretation of textual material.
The main objective of this qualitative content analysis is the systematic (iterative), concept-
driven examination of recorded documents, including published texts, archives, and social
media materials [5,27,28]. This paper addresses the following research questions to achieve
this objective.

1. What elements (components) are essential for a smart warehouse system?
2. How are those elements interconnected with each other, and how can they be synchro-

nized and integrated to make warehousing operations more intelligent and successful?
3. What are the key drivers for a smart warehouse system, and how do they affect the

smart warehouse architecture?
4. What are a smart warehouse system’s key value propositions or managerial benefits?
5. How do we keep a smart warehouse project on track? What meaningful performance

metrics can monitor a smart warehousing project and assess smart warehousing outcomes?

3. Architecture of the Smart Warehouse System

The success of smart warehousing lies in its adopter’s ability to identify and leverage
value drivers while tailoring smart warehousing to the adopter’s specific needs. Figure 3
lists key value drivers for smart warehousing. These include: (1) IoT with internal sensors
that help gather real-time data within the warehouse network and subsequently support the
live control and monitoring of routine warehousing activities, including quality inspection,
slotting, cross-docking, cycle counting, and space planning. (2) The CPS-driven integration
of IoT with physical objects that enhance M2M connectivity, and thus, speed up responses
to fulfillment errors, inventory classification and restocking needs, and safety alerts [5].
(3) Edge computing that brings data processing power to the edge of the warehouse
computer network, and thus, data storage and computation can be performed locally even
in a remote location. Edge computing will prevent data loss in the event of limited internet
connectivity in a remote location, and can reduce customer response time without severe
interruption or delay [5,29]. (4) Mass “servitization” (e.g., value-added services (VAS))
offerings that help develop customized self-warehousing and order processing built upon
business intelligence tools such as AI. (5) Intelligent automation that can copy or imitate
human actions for coordinating material flows within the warehouse, and can diagnose
warehousing process anomalies/errors and detect warehousing inefficiencies on a real-
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time basis. Such capability prompts immediate corrective action with the suggested right
procedures or tools to help fix problems instantly.
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Among the above drivers, CPS is critical in integrating various warehousing tech-
nologies that are essential for automating warehousing activities. To elaborate, CPS helps
monitor the interfaces among physical entities and computing devices within the multi-
dimensional architecture by extracting, processing, storing, analyzing, and transferring
data in real time [5,20,30]. As shown in Figure 4, CPS can be divided into three automation
modules: (1) end-point access, (2) network service, and (3) the security automation module.
Multiple interconnected technologies with the highest data security standards support these
modules. These technologies encompass networked robotics, miniaturized sensors and
actuators, a programmable logic controller (PLC), supervisory control and data acquisition
(SCADA), warehouse management systems (WMS), and distribution resource planning
(DRP). CPS eventually paves the way for smart warehousing by interconnecting everything
online and controlling warehousing operations without direct human involvement.
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Regarding details of technologies that comprise the automation pyramid, DRP inte-
grates and synchronizes all facets of distribution planning. DRP is a management process
that uses time-phased logic to manage distribution inventories, transportation, and material
flows across the distribution pipelines while determining the needs of inventory stocking
locations and ensuring a match between supply sources and demand [19,31]. DRP helps
develop distribution planning that results in warehouse-wide optimization at the enterprise
(or macro) level. In a smart warehouse system, WMS should supplement DRP to create
synergies between DRP and WMS, as shown in Figure 5. DRP should also be connected to
other technologies at the micro levels. These technologies include SCADA and PLC.
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SCADA is a system of software and hardware elements that is generally used to control
dispersed assets and industrial processes locally or in remote locations using centralized
data acquisition and supervisory control [5,7,32–34]. It intends to monitor, collect, and
process real-time data remotely while directly connecting and interacting with devices such
as sensors through human–machine interface software [5,7,32,33]. As such, SCADA can
be used for multiple warehouses scattered over wider geographic locations. In SCADA, a
programming logic controller (PLC) is often used as a field device that plays the role of a
remote terminal unit (RTU) and can control a specific process, equipment function, or entire
warehousing activities when wire-based communications are unavailable. PLC can aid
SCADA in controlling local operations, such as collecting sensor data and monitoring the
local environment for early warning systems [5,7,32]. SCADA and PLC can communicate
with each other via shared memory. Through such communication, PLC can feed big data
to SCADA [5,7,32,33].

PLC is a microprocessor-based, solid-state industrial computer control system that
performs discrete or sequential logic to create a computer network in remotely located
facilities [5,35]. PLC generally functions by receiving information from sensors or input
devices, processing the collected data, and generating outputs based on guidelines pre-
programmed into the device. These sensors can monitor critical equipment operating
parameters such as temperature, force, pressure, vacuum, flow, inclination, acceleration,
and vibration [5,7,36]. Simply put, PLC can sense when warehousing equipment, such as
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conveyors and folk-lift trucks, is not operating at the desired or optimum levels, and can
automatically adjust the equipment’s operating parameters so that the desired performance
can be maintained, even when the surrounding working environments and conditions are
less than ideal [5,7,36].

4. Managerial Benefits of the Smart Warehouse

A smart warehouse that exploits intelligent equipment with machine-learning capabili-
ties can bring numerous benefits to warehousing operations. Some of those benefits include:

• Reduced inventory levels via improved supply chain visibility. The rationale is that en-
hanced visibility of warehousing operations through the embedment of DRP within
WMS increases real-time information availability. Such visibility allows warehousing
workers to see all the potential bottlenecks and problematic areas well in advance
and take corrective action. In addition, the enhanced warehousing visibility gives
warehousing workers a bird’s eye view of the entire warehouse and how its various
pieces function. For example, suppose inventory errors or delayed order picks are
detected. In that case, warehousing workers can immediately figure out where they
originated, and thus, can act before the problems become worse.

• Improved warehousing agility and faster customer response time are created due to
the embedded sensor technology as it quickly recognizes fulfillment errors through
automation. In addition, a smart warehouse system equipped with software as a
service (Saas) can save time by nullifying the need for time-consuming on-premises
warehousing software updates by completing these necessary updates on the fly.

• Enhanced labor productivity through increased automation and human–robotics coop-
eration, without minimal human involvement, in the entire warehousing process.
Warehousing automation limits the need for on-site human staff and helps companies
better prepare for the busiest times of the year, such as the Thanksgiving and Christ-
mas holidays. It also reduces the time needed for warehousing workers to complete
tasks such as order picking, packing, and shipping.

• Higher return on assets (ROA) through fully utilizing warehousing equipment.
• Better service quality control through earlier detection of anomalies and performance

monitoring with embedded sensors. For example, vibration sensing can give the
warehouse manager an early warning alert when warehousing equipment, the AS/RS,
and AGVs need immediate maintenance or repair.

Despite the enormous benefits of the smart warehouse system specified above, a
smart warehouse can pose many challenges. These challenges include downgraded or
menial warehousing work for human workers because automation tends to transfer the
skill required to perform work from human workers to machines; thus, it reduces the need
for skilled labor and subjugates human workers to machines or robots [5,7,37]. Another
concern with smart warehouses is the affordability of smart warehousing, which requires
a considerable start-up investment for automation, sensor technology, technology infras-
tructure, system user training, and business intelligence development. Given that an IoT
platform is essential for a smart warehouse, a smart warehousing environment can create
security issues (e.g., cyber-attacks and hacking) associated with the IoT platform. Further-
more, a smart warehouse can pose stiff challenges in integrating multiple technologies for
building, transmitting, storing, retrieving, and securing data.

5. Smart Warehouse Implementation Plan

Though a smart warehouse can bring many significant benefits, its full range of bene-
fits cannot be realized soon after its implementation. Therefore, a smart warehouse project
should be monitored closely based on step-by-step performance milestones. In other words,
a performance measurement system (PMS) for the smart warehouse is needed. The PMS
begins with the development of measurement attributes (e.g., performance metrics and
key performance indicators). Table 1 proposes that these measurement attributes gauge a
smart warehouse implementation project’s maturity and progress levels. According to the
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maturity stage of the smart warehouse project, we classified the smart warehouse imple-
mentation progress into five categories: (1) groundbreaking; (2) automation; (3) digitization;
(4) connectivity expansion and orchestration; and (5) knowledge creation, as recapitulated
in Table 1.

Table 1. Maturity Stages and Measurement Attributes of Smart Warehousing.

Maturity Stage 1 2 3 4 5

Capability Level Groundbreaking Automation Digitization
Connectivity

Expansion and
Orchestration

Knowledge Creation

Key action plans

� Waste
elimination

� Value-added
service (VAS)
menu
development

� Process
simplification

� Process and
equipment
standardization

� 5-S program
implementation

� Order, inventory,
and space
planning
automation

� Workforce
scheduling
automation

� Quality
inspection
automation

� Human–robot
interaction

� Data collection
from all
machines on the
shop floor

� Distribution plan
digitization

� Quality
inspection
digitization

� Remote
monitoring

� IT/OT
integration

� Strategic alliance
� Big data

monitoring
� Data/

information
sharing

� Real-time
communication

� Error/
malfunction
detection

� Early warning
system

� Rule-based
expert system

� Business
intelligence

Measurement attributes
(including key
performance

indicators)—examples

� Asset utilization
rate (e.g., percent
equipment
utilization, yield
rate)

� Market response
time

� Throughput
� Cycle time
� Overall

equipment
effectiveness
(OEE), including
equipment idle
time

� Fill rate
effectiveness

� Warehouse
agility

� Robotics usage
� Automatic

guided vehicle
(AGV) and
automatic guided
cart (AGC) usage
for material
handling

� Housekeeping
benchmarks

� Workload
reduction

� Labor
productivity

� Noise data
reduction level

� Data accuracy
and timeliness
level

� Data cleaning
and filtering
capacity

� Data query time
� Real-time data

access and
updates

� Cyber risk
assessment

� Mobility
� Capital expense

saving

� Supply chain
resiliency level

� Breadth and
length of supply
chain
partnerships

� Warehouse
network level for
centralization

� Network level for
security

� Brain-storming
and learning
through quality
circles

� Organizational
learning through
knowledge
externalization
and transfer

� Mutual trust
level

� Process
innovation

6. Conclusions and Future Outlooks on Smart Warehousing

With the rapid advances in digital technology and the widespread adaptation of In-
dustry 4.0, many warehouses view smart warehousing as a wave of the future. Smart
warehousing is intended to compress the time taken to serve customers, utilize assets
and labor, and improve warehousing efficiency by enabling free information exchange
among warehousing workers and equipment, and between warehouses. Despite its enor-
mous benefits, smart warehousing initiatives pose many complex challenges due to their
newness, security, and implementation costs, and the need for a radical transformation
of the traditional warehousing paradigm and changes in protocols (such as remote mon-
itoring and the control of warehousing activities, predictive remote maintenance and
repairs, warehouse-wide human–robot collaboration, virtually guided self-service, auto-
matic closed-loop feedback mechanisms, and automatic recovery from service failures).
This paper proposes a detailed architecture of a smart warehouse to ease such challenges,
and offers practical guidance for a smooth transition from conventional legacy systems
to the revolutionary smart warehouse system. Then, it explains what companies need to
build a successful smart warehouse. This paper also proposes key performance metrics
that are valuable for monitoring the progress of a smart warehousing project.

To conclude, the main contributions of this paper are to create new knowledge bases
by establishing foundational conceptual frameworks and underlying protocols that enable
companies to start their smart warehousing journey with step-by-step guidance. The
proposed smart warehousing guidelines will drive other cost-saving or revenue-enhancing
opportunities in times of austerity and the unchartered new normal created by the COVID-
19 pandemic. Despite the novel research attempts made in this paper, this paper can be
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a point of departure for other extended studies on smart warehousing. Potential future
research agendas may include the examination of key motivators and inhibitors for smart
warehouse implementation based on a detailed case or empirical studies, and assessing the
impact of warehouse automation on overall warehousing productivity if a large sample is
available after the widespread applications of smart warehousing. Another fruitful research
agenda, as an extension of this study, includes incorporating blockchain technology into a
smart warehousing architecture [38,39].
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