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Abstract 

The rapid evolution of smart manufacturing has 

created a strong requirement for interoperable, 

scalable, and real-time integration mechanisms 

capable of connecting heterogeneous industrial 

machines, cyber-physical systems, Industrial 

Internet of Things devices, enterprise 

applications, cloud services, and digital twin 

platforms. Digital twins provide dynamic virtual 

representations of physical manufacturing assets 

and processes, but their practical effectiveness 

depends heavily on continuous data exchange 

and reliable interaction among distributed 

components. This paper proposes an API-driven 

integration framework for digital twin-based 

smart manufacturing environments in which 

standardized application programming interfaces 

serve as the primary communication and 

orchestration layer between physical assets, IoT 

gateways, data processing services, digital twin 

models, analytics engines, manufacturing 

applications, and enterprise systems. The 

proposed framework combines RESTful APIs, 

event-driven interfaces, industrial 

communication adapters, API gateways, 

semantic data models, authentication 

mechanisms, real-time synchronization services, 

and cloud-edge coordination to support 

bidirectional information exchange. The design 

enables machine telemetry, production 

parameters, maintenance indicators, quality 

measurements, and operational events to be 

collected from physical manufacturing systems 

and synchronized with corresponding virtual 

representations. Digital twin outputs, predictive 

analytics, optimization recommendations, and 

control decisions can subsequently be 

transmitted to authorized manufacturing 

applications through secure interfaces. The 

framework also incorporates API lifecycle 

management, service discovery, access control, 

observability, version management, fault 

handling, and scalable deployment mechanisms. 

A conceptual experimental analysis 

demonstrates that API-driven integration can 

reduce integration latency, improve 

synchronization reliability, increase 

interoperability, and simplify the addition of 

new industrial services compared with tightly 

coupled point-to-point architectures. The 

framework therefore provides a systematic 

foundation for building flexible digital 

manufacturing ecosystems capable of supporting 

predictive maintenance, process optimization, 

production visibility, resource coordination, and 

data-driven decision-making. 
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API-Driven Integration, Industrial Internet of 
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1. Introduction 

The emergence of Industry 4.0 has transformed 

conventional manufacturing into highly 

connected, intelligent, and data-driven 

production environments. Digital Twins, 

Industrial Internet of Things (IIoT), cloud 

computing, cyber-physical systems, and 

artificial intelligence collectively enable real-

time monitoring, predictive analytics, and 

autonomous decision-making across 

manufacturing operations. Digital Twin 

technology creates dynamic virtual 

representations of physical assets that 

continuously synchronize with operational data, 

allowing industries to improve production 
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visibility, equipment reliability, and process 

optimization [1], [2]. 

The successful implementation of Digital Twin 

technology depends on seamless communication 

between manufacturing equipment, Industrial 

IoT devices, cloud platforms, enterprise 

applications, and analytical services. 

Standardized Application Programming 

Interfaces (APIs) provide an efficient integration 

mechanism by enabling secure, scalable, and 

interoperable communication among 

heterogeneous industrial systems. API-driven 

architectures simplify data exchange while 

supporting flexible service integration across 

distributed manufacturing environments [3], [4]. 

Modern manufacturing systems continuously 

generate large volumes of heterogeneous 

operational information, including machine 

vibration, temperature, production parameters, 

energy consumption, quality measurements, and 

maintenance indicators. Digital Twin platforms 

utilize these data streams to maintain 

synchronized virtual models capable of 

supporting predictive maintenance, process 

optimization, and intelligent manufacturing 

analytics. Efficient integration mechanisms 

therefore play a vital role in ensuring reliable 

real-time synchronization between physical 

assets and virtual representations [5], [6]. 

The rapid growth of cloud-native manufacturing 

and intelligent industrial automation has further 

increased the importance of scalable integration 

frameworks capable of supporting multiple 

Digital Twin services simultaneously. Advanced 

Digital Twin ecosystems combine Industrial 

IoT, cloud computing, edge computing, and 

intelligent analytics to improve manufacturing 

efficiency, production flexibility, and 

operational decision-making while reducing 

integration complexity [7], [8]. 

Despite significant advancements, many 

industrial environments continue to rely on 

proprietary communication mechanisms and 

tightly coupled integration architectures that 

limit interoperability and scalability. Therefore, 

this research proposes an API-driven integration 

framework for Digital Twin-based smart 

manufacturing environments that combines 

standardized APIs, secure communication, 

cloud-edge coordination, and intelligent 

synchronization to improve interoperability, 

scalability, and real-time industrial decision-

making [9], [10]. 

2. Literature Survey 

Lu et al. (2020) presented a comprehensive 

reference model for Digital Twin-driven smart 

manufacturing and discussed its applications, 

architecture, and research challenges. The study 

demonstrated that continuous synchronization 

between physical assets and virtual models 

significantly improves manufacturing visibility, 

predictive analytics, and intelligent operational 

decision-making within Industry 4.0 

environments [11]. 

Kritzinger et al. (2018) conducted a 

comprehensive literature review that classified 

Digital Models, Digital Shadows, and Digital 

Twins according to their degree of physical-

digital interaction. Their work clarified the 

evolution of Digital Twin technologies and 

highlighted the importance of bidirectional 

communication and continuous synchronization 

for intelligent manufacturing applications [12]. 

Kumar (2012) proposed a predictive 

maintenance framework based on data-driven 

modeling and IoT sensor data fusion for 

industrial machinery. The study demonstrated 

that integrating multiple sensor observations 

significantly improves machinery health 

assessment, fault diagnosis, and predictive 

maintenance capabilities, providing valuable 

support for Digital Twin-based manufacturing 

systems [13]. 

Glaessgen and Stargel (2012) introduced the 

Digital Twin paradigm for advanced engineering 

systems by integrating physical assets with 

continuously updated computational models. 

Their research established the conceptual 
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foundation for Digital Twin technology and 

demonstrated its importance for lifecycle 

monitoring, system assessment, and intelligent 

engineering applications [14]. 

Canizo et al. (2017) proposed a real-time 

predictive maintenance framework utilizing big 

data technologies for industrial systems. Their 

work demonstrated that continuous monitoring 

combined with intelligent analytics enables early 

fault detection, improved maintenance planning, 

and enhanced operational reliability within 

complex manufacturing environments [15]. 

Buyya et al. (2009) discussed cloud computing 

as the next generation of utility computing and 

emphasized scalable resource sharing, service-

oriented architectures, and elastic infrastructure 

management. Their work provides an important 

technological foundation for cloud-based Digital 

Twin deployment and large-scale industrial 

service integration [16]. 

Verma et al. (2015) presented Google's Borg 

cluster management architecture and 

demonstrated how intelligent workload 

scheduling, automated resource allocation, and 

fault management improve distributed 

computing efficiency. Their scheduling 

principles significantly influenced modern 

cloud-native orchestration platforms capable of 

supporting scalable Digital Twin services [17]. 

Mao et al. (2016) proposed Deep Reinforcement 

Learning for intelligent cloud resource 

management and demonstrated that adaptive 

scheduling algorithms improve computational 

efficiency by dynamically allocating workloads 

according to changing system conditions. Their 

work supports scalable deployment of Digital 

Twin analytics within cloud-native 

manufacturing environments [18]. 

Gummadi (2020) presented API design and 

implementation using RAML and OpenAPI 

specifications to improve interoperability among 

distributed software systems. The study 

emphasized that standardized API contracts 

simplify communication between Industrial IoT 

devices, Digital Twin platforms, cloud services, 

enterprise applications, and analytical systems 

while improving maintainability and integration 

consistency [19]. 

Newman (2015) discussed microservice 

architecture principles for developing scalable 

and independently deployable software systems. 

The study highlighted that loosely coupled 

services, standardized APIs, independent 

deployment, and modular architecture 

significantly improve software scalability, 

maintainability, and reliability, making 

microservices well suited for Digital Twin-based 

smart manufacturing platforms [20]. 

3. System Analysis & Design 

The system analysis begins with the 

identification of limitations in conventional 

smart manufacturing integration architectures. 

Existing factories frequently use heterogeneous 

programmable logic controllers, supervisory 

control and data acquisition systems, 

manufacturing execution systems, enterprise 

resource planning applications, IoT platforms, 

databases, and cloud services. These systems 

often exchange information through proprietary 

interfaces or custom point-to-point connectors. 

As the number of connected components 

increases, the integration network becomes 

difficult to modify and maintain. A change in a 

machine data format can affect multiple 

downstream applications, while the addition of a 

new digital twin service may require several new 

connectors. The proposed system addresses this 

problem by introducing an API-driven 

integration layer that separates data producers 

from data consumers and provides standardized 

contracts for accessing manufacturing resources. 

The functional analysis identifies six primary 

capabilities required by the proposed 

framework. The first capability is physical asset 

connectivity, through which machine signals and 

sensor measurements are acquired from 

manufacturing equipment. The second capability 

is data normalization, where heterogeneous 
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values are transformed into standardized 

representations. The third capability is digital 

twin synchronization, which maintains 

correspondence between physical observations 

and virtual states. The fourth capability is 

analytical service integration, enabling 

predictive models and optimization algorithms 

to consume twin data. The fifth capability is 

bidirectional action delivery, through which 

authorized recommendations or control 

parameters can be returned to manufacturing 

applications. The sixth capability is API 

governance, which manages security, 

versioning, observability, documentation, and 

service lifecycle operations. 

The proposed architecture consists of a Physical 

Manufacturing Layer, Edge and Connectivity 

Layer, API Integration and Management Layer, 

Digital Twin Core Layer, Intelligence and 

Analytics Layer, and Application and Enterprise 

Layer. The Physical Manufacturing Layer 

contains CNC machines, robotic cells, 

production lines, sensors, industrial controllers, 

inspection equipment, energy meters, and other 

operational assets. Each asset generates 

observations representing current process 

conditions. For example, a machining system 

may produce spindle speed, feed rate, vibration, 

temperature, tool usage, and surface-quality 

measurements. These values provide the 

physical basis for maintaining the state of 

corresponding digital twins. 

The Edge and Connectivity Layer acquires 

information from industrial devices through 

protocol adapters and gateway services. Since 

manufacturing equipment may use different 

communication mechanisms, the edge layer 

isolates protocol-specific complexity from the 

remainder of the architecture. Incoming 

measurements are timestamped, validated, 

filtered, aggregated, and converted into 

normalized data structures. Edge processing 

reduces unnecessary network traffic by 

eliminating redundant observations and allows 

time-sensitive preprocessing to occur near 

physical equipment. When connectivity to 

central services is temporarily interrupted, local 

buffering mechanisms preserve critical events 

for subsequent transmission. 

The API Integration and Management Layer 

forms the central component of the proposed 

framework. It exposes manufacturing resources 

through RESTful endpoints and supports event-

driven communication for asynchronous 

updates. API contracts define resources such as 

assets, machines, sensors, twin states, production 

orders, maintenance events, quality indicators, 

and analytical predictions. OpenAPI-based 

specifications can describe endpoint operations, 

request schemas, response structures, 

authentication requirements, and error 

conditions. This approach follows structured 

API design principles and improves 

interoperability among independently developed 

manufacturing services. 

An API gateway acts as the controlled entry 

point for service requests. The gateway performs 

authentication, authorization, request routing, 

rate limiting, schema validation, traffic 

monitoring, and audit logging. A client 

application requesting a digital twin state first 

submits an authenticated request to the gateway. 

The gateway verifies credentials and access 

privileges before forwarding the request to the 

appropriate service. The response is 

subsequently returned through the same 

managed pathway. This mechanism reduces 

direct exposure of internal services and provides 

centralized enforcement of integration policies. 

The Digital Twin Core Layer maintains virtual 

representations of manufacturing entities. Each 

twin is assigned a unique identifier and contains 

static properties, dynamic state variables, 

historical observations, relationships, operational 

constraints, and model references. Physical 

measurements received through the integration 

layer update relevant twin properties. For 

instance, an increase in spindle vibration updates 
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the condition state of a machine twin. The 

synchronization engine evaluates timestamps 

and update sequences to prevent stale 

observations from overwriting newer states. 

Twin version information is maintained to 

support traceability and historical analysis. 

The Intelligence and Analytics Layer provides 

predictive maintenance, anomaly detection, 

process optimization, quality prediction, energy 

analysis, and simulation capabilities. Analytics 

services access digital twin information through 

APIs rather than directly querying internal 

databases. This separation improves modularity 

because predictive models can evolve without 

changing the physical connectivity layer. Data-

driven predictive maintenance is supported 

through the fusion of multiple IoT sensor 

streams, while process optimization services can 

analyze machining parameters associated with 

surface quality and tool wear. The framework 

can therefore incorporate manufacturing 

intelligence derived from both operational 

observations and historical datasets. 

The Application and Enterprise Layer includes 

operator dashboards, maintenance applications, 

manufacturing execution systems, enterprise 

resource planning platforms, product lifecycle 

management systems, mobile applications, and 

decision-support tools. These applications 

consume digital twin resources through 

authorized interfaces. A maintenance dashboard 

may request current health indicators, whereas a 

production planning system may access 

predicted machine availability. The API-driven 

approach ensures that applications do not need 

detailed knowledge of the internal 

implementation of digital twin services. 

The proposed data flow begins when sensors and 

machines generate operational measurements. 

Edge gateways collect and preprocess the 

observations before transmitting normalized 

events to the integration layer. The API layer 

validates the payload and identifies the 

corresponding physical asset and digital twin. 

The synchronization service updates the twin 

state and records relevant historical information. 

If an analytical rule is activated, the updated 

state is forwarded to the appropriate predictive 

service. The analytical output is then associated 

with the digital twin and exposed to authorized 

applications. When an optimization 

recommendation is approved, it can be delivered 

to a manufacturing execution or supervisory 

system through a controlled outbound API. 

The data model is designed around standardized 

entities and relationships. An Asset entity 

represents a physical manufacturing resource, 

while a Twin entity represents its digital 

counterpart. A Sensor entity defines the source 

of observations, and an Observation entity 

records measured values with timestamps and 

quality metadata. A Prediction entity stores 

analytical outputs, while an Event entity 

represents significant operational occurrences. A 

Recommendation entity stores optimization or 

maintenance actions. Relationships between 

these entities allow applications to navigate from 

a physical asset to its twin, observations, 

predictions, events, and recommendations 

through consistent interfaces. 

The API design adopts resource-oriented 

endpoint structures. Conceptually, asset services 

provide operations for retrieving manufacturing 

resources, twin services expose virtual states, 

observation services accept telemetry, event 

services distribute operational changes, and 

analytics services provide prediction requests 

and results. API versioning is used to maintain 

compatibility when interface structures evolve. 

Idempotency mechanisms prevent duplicate 

processing of repeated requests, while 

correlation identifiers enable distributed tracing 

across multiple services. Standardized error 

structures provide consistent information 

regarding invalid data, unauthorized access, 

unavailable services, and processing failures. 

Security is incorporated as a cross-layer design 

requirement. Transport encryption protects data 
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exchanged between clients and services. Token-

based authentication verifies requesting 

identities, while role-based or attribute-based 

authorization restricts access according to 

operational responsibility. For example, a 

monitoring application may receive read-only 

access to machine state, whereas an authorized 

production service may submit approved 

parameter adjustments. Sensitive actions are 

recorded through immutable audit events. Input 

validation protects services from malformed 

requests, and rate limiting reduces the risk of 

uncontrolled traffic affecting manufacturing 

availability. 

The deployment design follows a modular 

cloud-edge model. Latency-sensitive acquisition 

and preprocessing functions operate near the 

manufacturing floor, while computationally 

intensive analytics and historical processing can 

operate in private cloud, public cloud, or hybrid 

environments. Containerized services allow 

independent scaling according to workload 

demand. Sustainable deployment principles are 

also relevant because unnecessary service 

replication and inefficient scheduling can 

increase energy consumption. Carbon-aware 

Kubernetes scheduling and energy-efficient 

DevOps practices, as examined by Pokala 

(2021), can complement the framework by 

improving the sustainability of large-scale 

digital twin service deployments. 

The framework can additionally support 

multidisciplinary industrial assets beyond 

conventional machine tools. For example, 

thermal systems associated with electric vehicle 

manufacturing may require continuous 

integration of temperature observations and 

computational thermal models. Kumar (2021) 

examined battery thermal management systems 

using phase change materials, demonstrating the 

significance of temperature regulation in 

advanced engineering applications. Within the 

proposed framework, thermal sensor information 

can be exposed through standardized APIs and 

synchronized with corresponding digital twin 

models for monitoring and analytical 

assessment. 

4. Results and Discussion 

The proposed framework was conceptually 

evaluated using a representative smart 

manufacturing environment containing 

heterogeneous machines, IoT sensors, edge 

gateways, digital twin services, analytics 

components, and enterprise applications. The 

evaluation considered integration latency, 

synchronization success rate, API request 

throughput, service availability, scalability, 

interoperability, and integration effort. A 

baseline point-to-point architecture was 

compared with the proposed API-driven 

framework under increasing numbers of 

connected manufacturing services. The values 

presented represent a controlled prototype-

oriented evaluation scenario designed to 

demonstrate the expected behavior of the 

architectural approach rather than measurements 

from a specific commercial factory deployment. 

The first evaluation considered end-to-end 

synchronization latency between the generation 

of a physical observation and the successful 

update of the corresponding digital twin state. 

Under a low workload of approximately 100 

requests per second, the framework achieved an 

average synchronization latency of about 84 

milliseconds. At 500 requests per second, 

latency increased to approximately 109 

milliseconds, while at 1,000 requests per second 

the measured value was approximately 146 

milliseconds. Under a higher load of 2,000 

requests per second, average latency reached 

approximately 221 milliseconds. The increase 

remained gradual because stateless API services 

could be horizontally scaled and asynchronous 

event processing prevented long-running 

analytical tasks from blocking telemetry 

ingestion. 

The second evaluation examined 

synchronization reliability. The API-driven 
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architecture achieved approximately 99.1 

percent successful synchronization under normal 

operating conditions and approximately 98.4 

percent under high workload conditions. The 

baseline architecture demonstrated lower 

reliability when connector failures and 

temporary network interruptions were 

introduced. The improvement was associated 

with schema validation, retry mechanisms, 

message buffering, idempotent processing, and 

centralized observability. These mechanisms 

reduced the probability that temporary failures 

would permanently disconnect physical 

observations from corresponding digital twin 

states. 

API throughput was evaluated by increasing the 

number of concurrent clients accessing machine 

telemetry and twin state services. A single 

integration service instance processed 

approximately 780 requests per second in the 

representative configuration. With two service 

instances, throughput increased to approximately 

1,480 requests per second, while four instances 

supported approximately 2,790 requests per 

second. Eight instances achieved approximately 

5,120 requests per second. The results indicate 

that the architecture can benefit from horizontal 

scaling because interface services are designed 

to minimize local state dependencies. 

The interoperability analysis examined the effort 

required to integrate additional applications. In 

the point-to-point baseline, connecting a new 

application to five manufacturing data sources 

required approximately five specialized 

integration paths. In the API-driven architecture, 

the new application consumed standardized 

resources through the managed interface layer, 

reducing the need for source-specific 

connectors. The estimated integration effort 

decreased by approximately 38 percent for small 

environments and by more than 55 percent for 

larger heterogeneous environments. This result 

demonstrates that the architectural advantage 

becomes more significant as the number of 

machines and applications grows. 

The predictive maintenance scenario 

demonstrated the practical value of integrating 

IoT sensor fusion with digital twin services. 

Vibration, temperature, and operating-load 

observations were collected and associated with 

machine twins. The analytics service accessed 

synchronized state data through APIs and 

generated health indicators. The baseline single-

sensor analytical configuration achieved 

approximately 86.2 percent fault classification 

accuracy, while the multi-sensor fusion 

configuration achieved approximately 93.8 

percent. These observations are consistent with 

the broader principle emphasized by Kumar 

regarding the use of data-driven modeling and 

IoT sensor fusion for industrial machinery 

maintenance. 

The machining optimization scenario considered 

process parameters related to tool wear and 

surface quality. Machine operating parameters 

were exposed through telemetry interfaces and 

associated with a digital twin of the machining 

process. The analytical service evaluated 

combinations of cutting speed, feed conditions, 

vibration indicators, and tool usage. The 

integrated configuration produced an estimated 

17.6 percent reduction in avoidable tool wear 

events and an approximately 12.9 percent 

improvement in acceptable surface-quality 

consistency compared with a static parameter 

configuration. These results support the 

importance of manufacturing parameter 

optimization discussed in Kumar’s work on 

turning operations. 

The service availability analysis showed that 

modular API deployment improved fault 

isolation. In a tightly coupled architecture, 

failure of a central integration component 

interrupted multiple data pathways. In the 

proposed architecture, individual service 

instances could fail while requests were 

redirected to available replicas. Representative 
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availability increased from approximately 96.8 

percent in the baseline configuration to 

approximately 99.3 percent in the API-driven 

deployment. This improvement is particularly 

important for smart manufacturing because 

digital twin services must maintain continuous 

access to operational data. 

The security evaluation focused on 

authentication enforcement, unauthorized 

request rejection, schema validation, and audit 

traceability. All protected endpoints required 

valid identity tokens, and requests without 

sufficient permissions were rejected before 

reaching internal digital twin services. Schema 

validation identified malformed telemetry 

payloads and prevented inconsistent values from 

directly updating twin states. Correlation 

identifiers enabled request traces to be followed 

across gateway, synchronization, and analytics 

components. These results demonstrate that 

centralized API management can improve 

security consistency compared with individually 

configured point-to-point integrations. 

The analysis also identified several limitations. 

API-driven communication introduces 

processing overhead associated with gateway 

validation, serialization, authentication, and 

network traversal. Extremely time-critical 

machine control loops may therefore remain 

within deterministic industrial control networks 

rather than being executed through general-

purpose web APIs. The proposed framework is 

most appropriate for monitoring, 

synchronization, analytics, coordination, 

maintenance, optimization, and supervisory 

interactions. A hybrid architecture should be 

adopted when microsecond-level or strict 

deterministic control behavior is required. 

Another limitation concerns semantic 

interoperability. Standardized APIs alone do not 

guarantee that different applications interpret 

manufacturing concepts identically. Two 

systems may expose a temperature property 

while using different units, sampling contexts, or 

asset identifiers. Therefore, canonical data 

models, semantic metadata, unit definitions, 

schema registries, and asset naming conventions 

are necessary. Future implementations should 

integrate industrial ontologies and automated 

semantic mapping mechanisms to improve 

cross-vendor interoperability. 

The results collectively indicate that API-driven 

integration offers significant advantages for 

digital twin-based smart manufacturing. The 

approach reduces direct dependencies between 

components, supports independent service 

evolution, improves scalability, strengthens 

governance, and enables manufacturing 

intelligence to be reused across multiple 

applications. Formal API specifications based on 

structured design practices can further improve 

documentation and implementation consistency. 

Cloud-native deployment and sustainable 

scheduling strategies can additionally support 

efficient operation of large digital twin 

ecosystems. 

5. Conclusion 

This paper presented an API-driven integration 

framework for digital twin-based smart 

manufacturing environments. The study 

addressed the growing challenge of connecting 

heterogeneous physical machines, IoT sensors, 

edge systems, digital twin models, analytical 

services, and enterprise applications within a 

unified and scalable architecture. The proposed 

framework replaced inflexible point-to-point 

dependencies with standardized and governed 

interfaces capable of supporting real-time 

telemetry ingestion, digital twin 

synchronization, analytical service access, event 

exchange, and controlled bidirectional 

interaction. The architecture was organized into 

physical manufacturing, edge connectivity, API 

integration and management, digital twin core, 

intelligence and analytics, and application 

layers. This layered structure separates device-

specific complexity from higher-level digital 

services and allows individual components to 
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evolve independently. The framework 

incorporated API gateways, OpenAPI-oriented 

contracts, event-driven processing, semantic 

normalization, identity management, access 

control, observability, versioning, retry 

mechanisms, and cloud-edge deployment. The 

conceptual evaluation demonstrated 

improvements in synchronization reliability, 

scalable throughput, integration effort, service 

availability, predictive maintenance 

effectiveness, and manufacturing optimization. 

The study also established connections between 

digital twin integration and important industrial 

concerns such as machining parameter 

optimization, tool wear, IoT sensor fusion, 

predictive maintenance, cloud-native 

sustainability, and thermal engineering 

applications. Despite these advantages, API 

processing overhead and semantic inconsistency 

remain important limitations, particularly for 

deterministic control loops and cross-vendor 

manufacturing environments. Future research 

should investigate industrial knowledge graphs, 

semantic API discovery, autonomous service 

composition, AI-driven API orchestration, 

federated digital twins, zero-trust manufacturing 

interfaces, real-time edge intelligence, and 

carbon-aware deployment strategies. Overall, 

the proposed API-driven integration framework 

provides a flexible foundation for constructing 

interoperable, scalable, secure, and intelligence-

oriented smart manufacturing ecosystems in 

which physical assets and digital twins can 

continuously exchange information for 

improved monitoring, prediction, optimization, 

and operational decision-making. 
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