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Abstract: The context evolution has highlighted the need of rapidity and reactiveness for supply chains to 

face uncertainties, which are amplified by today’s shortage of labor and transportation capacity and 

increased complexity of operations. The synchronization of logistics flows, coupled with physical and 

digital automation technologies, is an answer to such challenges. Using an action research-oriented 

approach, this paper develops and documents the deployment of a reference architecture for 

synchronization-driven smart inbound logistics processes that could guide the synchronization of the 

material flows at the intersection between transportation and logistics nodes. Reflections deriving from the 

architecture deployment are discussed. 
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1. INTRODUCTION 

The context in which modern logistics systems operate is 

characterized by increasingly demanding customer 

requirements and competition, calling for rapid and efficient 

delivery systems able to manage the large variety of offered 

products. The deriving complexity for warehousing and 

transportation (Soares et al., 2023), coupled with the ever more 

common shortage of labor and transportation capacity, 

increases the frequency and impact of uncertainties (e.g., 

demand peaks, suppliers’ delays), undermining logistics 

systems performance. In this context, the synchronization of 

material flows has been investigated as a way to improve 

systems’ efficiency and enhance their rapidity and reactivity 

(e.g., Soares et al., 2023; Napoleone et al., 2023) through the 

adoption of a systemic perspective that uses integrated 

decision-making approaches over different activities.  

In the context of inbound logistics activities, synchronizing the 

material flows entering a node with those handled internally 

means favoring the integration of transportation and 

warehousing activities by working on their execution, 

planning, and/or design. This entails advanced decision-

making models that consider the interdependencies between 

these activities, thus facilitating their conjoined response to 

disturbances coming from the transportation side or linked to 

the node’s internal processes delays (Buijs et al., 2012). 

Despite the expected benefits, shifting from a traditional 

management of inbound logistics processes to such vaster 

perspective poses significant technical and process-related 

challenges for companies. To facilitate such change, 

companies may seek the opportunities offered by the Logistics 

4.0 paradigm that, in the recent years, has enabled the creation 

of cyber-physical systems in which the digital dimension is 

seamlessly integrated with the physical one, hence providing a 

structure to advance traditional management of logistics 

activities towards more interconnected systems (Aron et al., 

2023). Despite academic interest on Logistics 4.0 solutions, or 

oftentimes termed “smart” solutions, in-depth empirical 

research on “implementation and transformation” on the  

 

adoption path of such technologies needs further exploration 

in logistics (Kembro and Norrman, 2022). 

This paper addresses this gap by using an action research-

oriented approach to conceptualize and deploy an architecture 

for synchronization-driven smart inbound logistics processes 

that could guide the adoption of smart technological solutions 

in inbound logistics processes for the synchronization of the 

material flows moving from inbound trucks, through the yard 

and through the node’s internal activities. 

The remaining of this paper is organized as follows. The 

development and deployment of an architectural framework 

for synchronization-driven smart inbound logistics processes 

are discussed in Sections 2 and 3, as well as findings and 

reflections. Lastly, conclusions are presented in Section 4. 

2. METHODOLOGY 

The paper adopts an action research–oriented case study 

approach. This approach encompasses the phases of 

preparation of the intervention, implementation of the 

intervention, and triangulation of the results coming from the 

first two phases to critically reflect on them (Sundarakani et 

al., 2021). Indeed, action research has to do with understanding 

“how and why an organization can change or improve the 

working of some aspects of a system and comprehend the 

process of change and learn from it” (Coughlan & Coghlan, 

2002). This aspect is recognized to be of great value when 

addressing technology adoption in logistics context. 

Therefore, action research methodology was deemed suitable 

for the objective of guiding organizations in the 

synchronization-driven implementation of smart solutions for 

inbound logistics processes.  

2.1 Phase 1: Preparation of the intervention 

2.1.1 Problem diagnosis  

As recommended by Coughlan and Coghlan (2002), prior to 

starting the project, the “rationale for action” and “rationale for 

research” should be identified. The push for an improved 

synchronization of material flows at the intersection between 
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transportation and logistics nodes comes from the long queues 

that road carriers must endure when arriving at logistics nodes. 

The consequent waiting times increase lead times throughout 

the supply chain and hinder the economic, environmental, and 

social performance of companies (Smith and Srinivas, 2019). 

To act upon this issue, companies should work towards 

integrating the decision-making behind inbound 

transportation, yard, and warehousing activities. For this 

purpose, they are pushed to seize Logistics 4.0 opportunities 

that would enable such advanced decision-making.  

To better investigate the topic, scientific literature on inbound 

logistics and on Logistics 4.0 was reviewed. The latter was 

complemented with a scoping review of non-academic sources 

(e.g., technology providers websites) to capture timely 

information on technologies in the market and innovative 

applications. Therefore, the aim of this research is twofold: 

developing an architectural framework for synchronization-

driven smart inbound logistics processes and generating 

insights to guide companies along the implementation of 

Logistics 4.0 solutions in their inbound logistics processes. 

2.1.2 Action plan: development of an architectural framework 

for synchronization-driven smart inbound logistics  

In answering to the diagnosed problem, a three-layered 

architectural framework for synchronization-driven smart 

inbound logistics processes was developed. The framework 

(Figure 1) is adapted from Aron et al. (2023). The layers are 

described in the following subsections.  
 

Physical layer 

The physical layer includes the physical flows characterizing 

inbound logistics activities. These encompass i) the handling 

units moving through transportation, yard, and internal 

receiving processes, and ii) the physical resources (i.e., trucks, 

workforce, and handling equipment) performing such 

activities as well as the environment in which units and 

resources move. In an attempt to generalize the underlying 

logistics processes, we may adopt the perspective of a truck 

approaching the node: once the truck arrives at the node’s gate, 

it goes through a check in registration in which the shipment 

documentation is examined and recorded. Then, the truck may 

be either directed to a dock door or sent to a parking position 

to wait for its turn and begin its processing. Once the truck has 

been unloaded, the discharged goods should be inspected and 

put-away (i.e., moved to either the storage or sorting area, 

depending on the type of logistics node).  
 

Digital layer 

The digital layer deals with the information flows linked to the 

units moving through the inbound logistics processes. 

Therefore, this layer has the two purposes of collecting data on 

the objects populating the physical layer and integrating such 

data, i.e. ensuring the real-time access to information from 

multiple sources and communication among a network of 

objects, information systems, and actors (Cimini et al., 2020).  

Although specific technologies for data collection differ 

among alternative application contexts, the data collection 

activity should aim at having numerous and valid data, 

acquired from heterogeneous sources and with sufficient 

frequency (Richey et al., 2016). From a plethora of different 

sensing devices, unstructured and semi-structured data (Correa 

et al., 2020) on the real-time status and position of the 

resources can be gathered. Specifically, to collect information 

on the inbound trucks, location-based technologies such as 

GPS and geofencing (Oliveira et al., 2015) can be useful as 

they allow to continuously record the trucks location and to 

signal the truck’s Actual Time of Arrival (ATA) within the 

node’s geofence. To facilitate and speed up data visibility, 

logistics service platforms and mobile applications can be 

used, as well as scanning devices so that the transport 

documentation can be directly acquired through a simple scan 

of the driver’s mobile, potentially remotely locating operators 

supporting check-in operations. Instead, to monitor resources’ 

status and location within the yard and in the receiving area , 

various IoT sensing devices can be employed. Such devices 

allow “creating a network of physical objects that are digitally 

Figure 1. Proposed architecture for synchronization-driven smart inbound logistics processes. 



connected to sense, monitor and interact within a company and 

between the company and its supply chain” (Ben-Daya et al., 

2019). Besides providing information on the real-time location 

and status of trucks and material handling equipment, sensor-

equipped dock doors and other check points provide useful 

information on the progress of different activities by collecting 

timestamps of their beginning/ending. The employment of IoT 

sensing devices can also be coupled with technologies such as 

RFID and scanning devices, thus enabling the direct tracking 

of the units unloaded from the trucks and handled in the 

warehouse through gateways, grids, or automated systems 

(Van Geest et al., 2021). The large amount of data collected 

from physical objects is stored in the information systems 

supporting logistics processes, i.e. the Warehouse 

Management System (WMS), which “controls the physical 

and informative flows within the warehouse” (Baruffaldi et al., 

2019)”; the Yard Management System (YMS) which oversees 

yard activities; and the Transportation Management System 

(TMS) which supports transportation planning and execution. 

Van Geest et al. (2021) suggests that if WMS is combined with 

the TMS and data collection tools, the “human input becomes 

obsolete, and the system becomes self-regulating”. Indeed, the 

data collected from the various sources should be used beyond 

the boundaries of the WMS or the TMS to well manage the 

interactions among these interdependent activities. Cloud-

based structures answer well to such wide approach to 

integration. By standardizing the integration among different 

applications, whether hosted on-premise, in a private cloud, or 

in a public cloud environment, they can serve as “information 

hubs” (Winkelhaus and Grosse, 2020). Through such 

platforms, it is possible to seamlessly share data also with other 

actors of the supply chain. Among the services offered by such 

platforms, slot booking is an important functionality for a 

smart inbound logistics system, enabling carriers to book pick 

up or drop off appointments, allowing the receiving node to 

plan its activities accordingly. 
  

Analytics Layer  

In the analytics layer, the integration of the numerous 

unstructured and semi-structured data coming from physical 

objects and the structured data residing in the information 

systems acquires even further value. Indeed, analytics 

techniques allow to make sense of large amounts of data by 

supporting their reading, processing, and interpretation and 

enabling advanced decision-making (Modica et al., 2021).  

Data analytics has three widely recognized functions: 

description, prediction, and prescription. Descriptive analytics 

regards “identifying problems and opportunities within 

existing processes and functions” (Wang et al., 2016); 

predictive analytics deals with exploring data patters to 

forecast what will occur (Tiwari et al., 2018); prescriptive 

analytics allows to determine alternative decisions based on 

high volume and complexity of data (Correa et al., 2020).  

In the context of Logistics 4.0, tools and techniques offering 

such functions are widely reported as belonging to the 

categories of Big Data Analytics (BDA), Artificial Intelligence 

(AI), and digital twin. Their value has been mainly recognized 

in providing insights for decision-making on transportation 

and warehousing operations thanks to their ability in extracting 

patterns or knowledge from large amounts of data (Wang et 

al., 2016) and enabling the virtualization of real-time 

conditions of objects, allowing decision-making based on the 

evaluation of alternative future scenarios (Leung et al., 2022).  

Thanks to the use of such analytics techniques, in a smart 

inbound logistics system, decisions can be frequently updated 

while a high quality is guaranteed both for input data and for 

the output of the decision. At the operational level, yard 

scheduling decisions as well as the scheduling of warehouse 

internal resources become dynamic thanks to prescriptive 

analytics techniques such as stochastic dynamic models and 

algorithms and the exploitation of real-time information on the 

physical processes. Furthermore, the estimation of the 

Estimated Time of Arrival (ETA) of trucks through the use of 

machine learning (ML) predictive techniques on a wide set of 

transport-related elements (Barbour et al., 2018) allows to 

account for uncertainties in inbound transportation and align 

the material flows characterizing inbound transportation, yard, 

and internal receiving processes. Moreover, thanks to the 

retrospective analysis on the data collected on past operations, 

the receiving capacity of the warehouse both from the yard 

side and considering internal receiving operations can be 

revised based on the flows going through the warehouse. 

Eventually, this can lead to rethink the design of yard and 

internal receiving activities, for instance by adjusting the 

number of doors needed or modifying the receiving area.   

2.1.3 Action Taking 

The proposed architecture was tested on a selected company. 

The company is a leading Italian courier and owns the largest 

distribution network in Italy, which includes 4 major 

automated sortation hubs (3 in Northern Italy and one in the 

area of Rome) and has been lately enlarged to include 7 

warehouses with the goal of developing capabilities in offering 

integrated logistics services. The company has a solid 

economic backbone to sustain investments in innovative 

technologies. In particular, it has invested in the automation of 

its sortation hubs, and it has started several partnerships to 

acquire digital solutions to increase its service level in terms 

of visibility on the delivery progress to customers. Instead, 

inbound logistics activities in their hubs feature little 

technological presence. The hubs have been witnessing long 

queues and congestion at their gates, strongly undermining 

their economic efficiency and raising complaints from carriers. 

Hence, they were deemed appropriate targets for an 

intervention aimed at synchronizing the flows at the 

intersection between transportation and the node.  

Specifically, our unit of analysis encompasses inbound 

logistics activities, thus including inbound transportation to the 

node, yard activities (i.e., from the check in to the arrival at the 

dock door), and internal receiving activities (i.e., unloading 

and put-away to the sorter) performed in one of the company’s 

hubs. 

As the expected changes would impact the design and 

operating policies of the node and entail considerable 

investments in technologies, the team involved in the research 

included both project managers in charge of strategic 

initiatives and site and innovation managers. Throughout the 

collaboration multiple sources of evidence were accessed. At 

the beginning, an overview of secondary data was performed, 

and semi-structured questions were posed to the company’s 

management to better frame the problem and define the unit of 



analysis and key participants to the collaboration (Buijs et al., 

2012). Access to operational data was granted throughout the 

collaboration as well as the opportunity of on-site visits. 

Furthermore, frequent meetings were held to discuss emerging 

challenges and directions forward. The collaborative research 

performed is part of a three-year ongoing Italian funded PNRR 

Research project “Centro Nazionale per la Mobilità 

Sostenibile” (CN MOST) – Spoke 10 “Sustainable Logistics”. 

2.2 Phase 2: Implementing the framework for synchronization-

driven smart inbound logistics processes in the case company 
 

Together with the company, the hub located in Central Italy 

was selected as pilot case for the framework implementation. 

Prior to the implementation action, yard activities were fully 

manual. Once arrived at the node’s gate, a truck was checked 

in by an operator who handled the registration and, based on 

the directions received via radio from the hub’s operators, 

directed the truck to its assigned door/waiting position. Trucks 

were left queuing outside the yard and let in only when a door 

became available, following unformalized priorities based on 

customer importance. Most of the automated solutions could 

be found inside the hub that featured a composite sorting 

conveyor loop, comprising three conveyor-based sorting 

systems and a single-tier robotic sorting system. Together, 

these systems can handle almost the entirety of differently 

shaped and sized boxes going through the node, leaving a few 

exceptions for manual handling. Unloading/loading activities 

were instead mostly manual, while belt feeders connecting the 

doors to the sorter facilitated the put-away of unloaded boxes. 

3. FINDINGS 

3.1 Action intervention 

Digital layer implementation: data collection   

As in the proposed framework, the path towards 

synchronization-driven smart inbound logistics processes 

started from the development of the digital layer. The first key 

challenges arose in terms of data collection capabilities, 

especially in the yard area that lacked tools for collecting 

timely and accurate data on resources and decisions, thus 

leading to a complete lack of visibility over the yard and a 

disconnection between transportation and node’s operations. 

Therefore, the company proceeded from putting in place a 

monitoring system that could record the yard resources' 

location and status. This entailed the instalment of 

environmental sensors at dock doors and a system of cameras 

to indirectly monitor trucks’ status and location within the 

yard. Besides, the company selected an IT system provider 

with whom starting to build a YMS.  

A second challenge arose in the availability and 

trustworthiness of data related to the arrival of trucks at the 

node. The arrival was recorded only during check-in at the 

gate, thus ignoring any information on the trucks queuing prior 

to registration. As the trucks’ queues outside the gate were 

reported as a burdensome problem by node managers, having 

this inaccurate data in the system would lead to fallacies in the 

decision-making over trucks processing priority definition and 

yard activities. The company realized that it could get access 

to incoming trucks GPS data through one of its partner 

companies. It is a cloud-based logistics service platform that 

puts together transportation capacity offered by small carriers 

with the company’s need of moving parcels and mail between 

Italy’s sorting and distribution nodes. Such platform 

guarantees visibility over the trucks’ location thanks to the 

access to the carriers’ telematics information. By leveraging 

on the partner’s data and the already existent geofencing 

system, the case company found a solution to obtain accurate 

information on the trucks ATA. Furthermore, the company 

asked the partner to develop a project on the use of predictive 

analytics on the collected data with the aim of obtaining 

predictive information on the ETA of inbound trucks from the 

platform.  

The increased visibility over yard activities opened the 

opportunity for the company to make first modifications to 

their decision-making to include interdependencies between 

transportation, yard, and internal receiving activities. The first 

action in this direction regarded the introduction of a booking 

system that enables carriers to book their slots at the hub 

though a cloud-based system. Together with the researchers, 

the company explored different solutions, ultimately deciding 

to implement a dynamic slot booking system. Through 

instruments of data analytics, this enables the dynamic re-

allocation of slots in case of unexpected events either from the 

transportation or the warehouse side. All the communications 

between the warehouse and the driver occur via a mobile 

application. At the moment of booking, a QR code associated 

to the shipment is generated. This allows to digitalize the 

check-in as the driver can directly scan the given QR code at 

the check-in tote, digitally sharing transport documentation.  
 

Digital layer implementation: data integration 

Newly available data shed light also on the lack of integration. 

The yard data coming from the YMS solution introduced and 

the location-related data from the transport service were 

disconnected with the information already embedded in WMS 

and TMS, leading to inconsistency and difficulties in promptly 

having access to data from different repositories. While 

making sense of the newly available data, it emerged that the 

information on the trailer’s plate was stored in the TMS, in the 

logistics service platform and in the YMS under three different 

codifications, compromising the univocity of the data and, 

therefore, their usability for analytics. To coordinate the 

growingly complex dataflows among on-premise and cloud-

based applications, the company began working on adding to 

the API and EDI-based integrations already in place  
 

Analytics layer implementation 

Given the only recently acquired real-time information on 

transportation, yard and internal receiving activities, the 

company was still lacking advanced analytics tools. The 

underlying architecture for data collection and integration 

allowed to capture the main dynamics affecting inbound 

logistics systems, yet these were not reflected on execution-

level decisions at the node. Indeed, the scheduling of inbound 

trucks at the dock doors followed prioritization rules that did 

not leverage an extensive amount of data and were based on 

subjective criteria.  

For the allocation of inbound trucks to dock doors and the 

definition of the trucks schedule, the company adopted a 

stochastic dynamic model and algorithm proposed by 

researchers. Such model adopts a reactive approach in dealing  



with the uncertainties in trucks’ travel time by using updated 

ETA information to reschedule at hourly intervals. Together 

with the researchers, the company assessed whether all the 

necessary inputs to the model were available and whether 

some pre-processing activity had to be set up. This resulted in 

the application of ML techniques to estimate the processing 

times of trucks at dock doors, including also eventual delays 

recorded by the sorter, while updated ETA information up to 

two hours prior to the trucks’ arrival was provided by the 

partner logistics service platform. Before final deployment, the 

model is being run on the company’s data for fine-tuning.  
 

Next Steps  

While the company has mainly acted on its yard operations, a 

major direction for further interventions concerns the 

automation of decisions on internal receiving activities. The 

company has already visibility on the sorting machine’s and 

the belt feeders’ operations and status. However, information 

on the operators unloading the trucks is not granular enough to 

allow for more frequent and automated decision-making on 

their scheduling. The company is therefore advised to look into 

innovative software solutions for workforce management that 

leverage ML and AI-based techniques to accurately map the 

skills and characteristics of their resources as an input for 

frequent re-allocation of tasks based on the advancement of 

ongoing operations. This would also set the base for advanced 

models for the integrated scheduling of internal receiving 

operations and trucks, enhancing a stronger synchronization 

between yard and internal hub activities. The enhanced 

visibility over the workforce would also enable the company 

to evaluate investments on the automation of unloading 

processes, and potentially on the re-design of the yard and 

receiving area. 

3.2 Reaction and critical reflections  

The complete list of activities enabled or modified by the 

planned interventions and the corresponding technological 

solutions supporting them is shown in Table 1.  

As a collective result of the interventions, it was observed that 

the management of the inbound logistics activities moved 

towards a more holistic perspective, with activities able to 

provide coordinated responses to the dynamics affecting 

inbound operations. Indeed, the interventions enabled the 

adoption of synchronized and dynamic execution, planning, 

and design approaches, fostering more levelled flows between 

interdependent activities. At an execution level, the introduced 

dynamic scheduling methods and the predictive techniques 

used to estimate accurate inputs allowed to limit the 

detrimental effect of unexpected events that cannot be 

accounted for in the planning of transportation and hub 

activities. At a planning level, the introduction of the booking 

system represented a first step towards a more informed 

planning of the receiving capacity, adjusting the number of 

dock doors to level inbound flows and receiving capacity. 

Going forward, the storing of large amounts of data on the 

different activities will enable an increasingly accurate 

estimation of the needed receiving capacity, potentially 

leading to reconfigure the yard through changes in the number 

of doors utilized and accordingly optimize the design and use 

of the hub receiving area. Collectively, these changes 

contribute to a betterment of system performance, intended as 

resources and space utilization in the yard and in the hub 

receiving area, and reduction in the duration of activities, both 

singularly and as a whole. This is mainly related to the 

reduction of trucks’ waiting times which does not yield only 

financial savings but promises also improvements in 

environmental and social sustainability thanks to reduced 

emissions of waiting trucks and drivers’ stopover time.  

Consistently with the directions pointed out by Buijs et al. 

(2012), the increased ability to capture operational dynamics, 

the introduced flexibility in decision-making and the 

availability of timely and accurate measures of performance 

enhance the “situation awareness” of decision-makers. 

Supported activity Technology 

Inbound transportation Data collection & communication: GPS, geofencing, mobile 
application for driver – warehouse communication  

Data Repository: YMS, TMS, booking and logistics service 
platform 

Predictive and prescriptive analytics: ML for ETA estimation, 

Digital twin for dynamic slot definition 

Real-time monitoring of the location of incoming trucks and frequently updated 

ETA  

Dynamic slot booking that allows re-allocation of slots in case of unexpected events  
Re-routing of inbound truck in case of sudden changes to the booked slots  

Yard activities Data collection & communication: IoT, scanning devices, mobile 
application for driver – warehouse communication and transport 

documentation acquisition 

Data Repository: YMS, TMS, booking and logistics service 
platform for ETA information, OMS for order verification 

Descriptive analytics: Retrospective analysis on yard operations and 

yard resources utilization 
Predictive and prescriptive analytics: ML for quality input data 

estimation, Stochastic Dynamic Model and Algorithm for dynamic 

scheduling 

Real-time monitoring of yard resources' location and status 

Hourly re-scheduling of door assignment and truck service sequence based on the 

updated ETA of inbound trucks, actual truck arrivals and on the dynamics of hub's 
internal activities 

Self check-in and automated acquisition of transport documentation 

Periodic re- planning of door capacity based on the booked capacity  
Periodic re-design of the yard based on the indications from a retrospective analysis 

on the yard operations  

Hub internal activities Data Collection: IoT, conveyor-based sorter 

Data Repository: YMS, WMS, logistics service platform for ETA 

information 
Descriptive analytics: Retrospective analysis on internal receiving 

operations and workforce and material handling resources 

utilization; 
Predictive and prescriptive analytics: ML for quality input data 

estimation, Stochastic Dynamic Model and Algorithm for dynamic 
scheduling. 

Real-time monitoring of material handling equipment status and sorter condition 
Dynamic re-scheduling of operators and equipment and sorting real-time control 

based on the updated ETA of inbound trucks, the dynamics of the yard activities and 

the real-time advancement of the unloading/loading operations   
Periodic re-planning of workforce capacity based on the indications from the 

retrospective analysis on the receiving operations 

Periodic re-design of the internal receiving area based on the indications from the 
retrospective analysis on receiving operations 

Table 1. Overview of the process transformation towards synchronization-driven smart inbound logistics processes. 



Additionally, more informed decision criteria entail the 

formalization of processes informally managed thus far, 

fostering their standardization and the consequent replicability 

of the employed models and practices to different sites. 

4. CONCLUSIONS 
 

This paper presents an architectural framework for 

synchronization-driven smart inbound logistics processes and 

investigates its deployment in a case company, generating 

insights to guide companies along the implementation of 

Logistics 4.0 solutions in their inbound logistics processes. In 

shifting towards a synchronization-driven management of 

inbound processes supported by Logistics 4.0 solutions, the 

company followed a “digitalization-focused” path (Kembro 

and Normann, 2022), starting from the identification of needed 

data from external parties/internal IT systems and the 

introduction of solutions that enable their storage and 

integration as well as advanced analytics tools, with lighter 

investments in IoT devices for data collection. Coherently with 

Kembro and Norrman (2022), the hub started as an automated 

warehouse and, through its investments, increased its 

digitalization and connectivity to become a smart warehouse. 

This paper answers to the quest for further investigation on the 

“implementation and transformation” of logistics processes 

brough by Logistics 4.0 solutions. Furthermore, it points out 

how the digitalization of the processes at the intersection 

between transportation and logistics node can foster 

collaboration between different actors, paving the way for the 

creation of connected and integrated warehousing networks 

(Aron et al., 2023) that entail synchronized physical and 

information flows.  
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