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Abstract  

 

Enterprise platforms are commonly built using a combination of components sourced from multiple vendors. Nevertheless, 

synchronization of the respective services continues to rely on the vendors' default solutions, which often expose data to 

inconsistencies and unavailability. Adding more synchronization mechanisms complicates the design, making operations harder to 

manage, and increasing the associated costs. These costs may even be higher for hybrid deployments with inter-platform 

connections. A way to reduce those costs, which also applies to multi-cloud setups, is to turn service synchronization into a 

feedback-controlled process that adapts to the current situation. Such a feedback-controlled process executes additional 

synchronization only when necessary and safe. A framework is proposed for adaptive service synchronization across enterprise 

infrastructure platforms such as cloud, edge, and intercloud. The adaptive synchronization core ensures service safety guarantees 

when evaluating the need for synchronization and determines the best method to be employed. Supporting elements handle 

versioning along the service-provided and service-used paths and facilitate the administration of cloud-edge enterprise scenarios 

involving geographic distribution. Thanks to the modular definition of the adaptation logic, the resulting solution may be 

customized for the specific characteristics of the platforms involved. 

Service synchronization addresses the operation of services that can affect each other despite being executed on different platforms 

or in different clouds. Therefore, service synchronization is a matter of preserving temporal consistency of service-oriented systems. 

It is a known problem in multi-cloud deployments and has been the subject of study in many research works. However, the addition 

of a service synchronization solution to the current services exposed by platforms can be rather expensive because it makes the 

services less available and can incur a performance overhead. Adaptive service synchronization aims, at any given point in time, 

to synchronize services only when needed or when it can be done without exposing data to an inconsistent state. 

Keywords :Enterprise, Service-Oriented Architecture, Cloud Computing, Microservices, Versioning, Event Notification, Control 

Theory, Model Predictive Control .

1. Introduction 

Synchronization across distributed infrastructure platforms 

located outside enterprise boundary often hinges on allowing 

either consistent service availability or external environments' 

operational stability. Adaptive integration determines the 

causal direction of service calls and attempts to minimize 

external impact and service inconformity through feedback 

control. Although enterprise service running in its platy 

environment are considered untrusted, the design relies on 

adaptive policies layered on top of the two-tiered architecture 

integration. 

Enterprises are modernizing their IT infrastructure to support 

new services. Existing services may need to be synchronized 

temporarily or for a longer duration with external service 

located in other enterprise or public cloud environ­ments. 

Data synchronization has traditionally focused on 

guaranteeing consistency across distributed data storage 

systems. Databases and other persistent storage repositories 

have continued to support different consistency models, offer 
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different consistency guarantees and provide interestingly 

different trade-off in the face of increasing scale and usage. 

Distributed systems implementing different consistency 

models in offering cross-platform integration purposely take 

a different focus—availability, partition tolerance, 

consistency. Integration architects must take an informed 

decision suited to business needs and objectives. 

 

            Fig 1: Adaptive and low-cost resource 

synchronization based on data distribution service  

1.1. Background and Significance 

Historical context establishes the diverse platforms 

underlying an enterprise architecture and their function as 

data sources and sinks for the associated operational business 

services. Synchronizing the platform data across the 

enterprise and its associated platforms is key to designing 

suitable infrastructure solution architecture. However, across 

multiple deployments, there are still open challenges, and 

standard designs are frequent points of failure. 

Recommendations that promote adaptive solutions for 

synchronizing the data at different backend operational 

platforms are derived, analyzed, and synthesized. 

With the increasing trend of enterprises adopting 

decentralized cloud solutions, an enterprise modernized with 

a multi-cloud strategy is referred to as the focal setup, 

followed by the Edge–Cloud–Core cloud synchronizing data 

residing in sync across the enterprise. In multi-cloud 

deployments wherein the synchronization of data within 

boundaries is no longer guaranteed, the design of suitable 

mechanisms becomes crucial. Enterprises adopting multi-

cloud strategies involve the execution of business services 

across separate clouds owned by business partners. The 

hosted services may replicate data to improve throughput, 

especially when both read and write operations are involved. 

Data across clouds must, therefore, be kept in sync for 

compliance and correctness. For organizations that operate in 

regulated industries, such as finance, healthcare, and telecom, 

enterprise IT modernization programs are designed to 

decouple monolithic legacy applications and migrate them to 

the cloud. However, legacy systems are often retained for a 

prolonged period due to their complexity, economic viability, 

and the need for synchronization with the newly deployed 

platforms. 

Equation 1: Synchronization Consistency Function 

This equation models the relationship between 

synchronization delay and consistency level in distributed 

systems. 

𝐶(𝑡) = 𝑒−𝜆Δ𝑡 
 

Where: 

 𝐶(𝑡)= consistency level at time 𝑡 

 𝜆= synchronization decay coefficient  

 Δ𝑡= synchronization delay  

1.2. Research design 

The strategy follows a design science approach and uses a 

specific example to demonstrate the applicability of the 

mechanisms. Both quantitative and qualitative assessments 

are performed, using data from a cloud-based telephony 

environment to validate a policy-driven convergence rule and 

through a testbed with a multi-cloud medical collaboration 

service to check the dynamic versioning functionality. Event-

driven synchronization is generally applicable and can be 

supported by richer telemetry; case studies may vary. 
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Major enterprise infrastructure platform vendors have 

extensive roadmaps for evolving monolithic cloud solutions 

into distributed environments. Many of these new 

capabilities, especially those enabling a more dynamic form 

of service-oriented architecture and microservices, are very 

useful but also introduce new synchronization challenges. 

Popular topics such as multi-cloud, inter-cloud, or hybrid 

deployments can be considered variations of enterprise 

architecture modernization, where synchronization 

requirements continue to exist or grow. Even if modern 

service-oriented environments tend to avoid using shared 

databases, full consistency across temporal and logical 

domains is often difficult to guarantee, especially in complex 

topologies with an edge component. Load imbalance or 

failures may considerably worsen situation, and the very logic 

that should enhance availability may instead increase the 

likelihood of inconsistency. 

Simplicity and feel of the solution's mechanisms should help 

in adoption. Dynamic change of service versioning can be 

seen as a different form of canary deployment, aiming for a 

particular property at lower costs; rollback in the non-trivial 

case of multiple synchronization users leverages safety and 

policy guarantees. The combination of event-driven and 

policy-driven mechanisms can cover most real-world 

scenarios without excessive costs. 

 

1.3. Scope and Objective 

Initial orchestration and runtime elements coordinate across 

multiple platforms. Subsequent real-time adaptation 

incorporates direct observability into control loops for 

platform-agnostic synchronization. Dynamically changing 

loads trigger synchronization via versioning and rollback 

schemes. Event-driven models organize synchronization 

around observed causality; observed order is not guaranteed. 

Local policies specify the convergence function for decision 

making and maintain acceptable safety and consistency 

levels. 

Adaptive Synchronization Across Hybrid Systems 

Adaptation Logic elaborates on proposals and Analyses 

empirical validation of adaptation logic for enterprise service 

synchronization across heterogeneous, distributed 

infrastructure platforms. Adaptation logic provides control 

loops, enriched with direct observability from the data plane, 

to handle the design of adaptation rules. The focus is on cross-

platform service synchronization in enterprise Information 

Technology (IT) modernization and cloud migration 

initiatives, accommodating multiple public IaaS providers 

and edge platforms. Dynamic loads that trigger adaptations to 

synchronization guarantees are examined, and the proposal is 

aligned with feedback control principles. 

Table 1: Core Concepts of Adaptive Service 

Synchronization 

Concept Description Key Benefit 

Adaptive 

Synchronization 

Synchronization 

triggered only when 

necessary using 

feedback control 

Reduces 

operational 

overhead 

Feedback-

Control 

Mechanism 

Uses telemetry and 

system state to decide 

synchronization 

actions 

Improves 

stability and 

responsiveness 

Event-Driven 

Synchronization 

Updates triggered 

through events and 

notifications 

Supports 

scalability and 

loose coupling 
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Concept Description Key Benefit 

Dynamic 

Versioning 

Multiple service 

versions coexist with 

rollback support 

Ensures service 

continuity 

Policy-Driven 

Convergence 

Policies define 

acceptable 

consistency and 

synchronization 

behavior 

Balances cost 

and performance 

Observability & 

Telemetry 

Monitoring and 

metrics collection 

across distributed 

systems 

Enables adaptive 

decision-making 

2. Theoretical Foundations of Adaptive 

Synchronization 

Adaptive Service Synchronization Across Distributed 

Enterprise Infrastructure Platforms. 

Complex systems involving enterprise environments 

supported by cross-platform enterprise environments and 

service-oriented models often suffer from unexpected 

latencies, reduced throughput, data inconsistencies under high 

load, and complex observability requirements. Consequently, 

properly reconciling the trade-offs related to availability, data 

consistency at given throughput levels, data retention, 

auditing, observability of the system under operation, and 

observability related to debugging or fault detection provides 

a never-ending challenge and research opportunity within 

enterprise environments. Synchronizing application states 

across multiple instances and environments becomes one of 

the key challenges that enterprise IT faces when modernizing. 

Different flavors of cross-platform application modernization 

often require mechanisms for synchronization beyond 

traditional database or enterprise-bus-based approaches, 

especially in multi-cloud or inter-cloud deployments. 

Distributed enterprise platforms such as collaborative, cloud-

native, and edge environments leverage specific service-

oriented models' particular characteristics. Deploying 

services within these platforms often requires adapting the 

implementation in terms of technologies and code. However, 

given resource decentralization, geographical distribution, 

and data volatility, application state synchronization at the 

data-plane level becomes nontrivial. This paper specifically 

addresses the need for adaptive service synchronization and 

presents feedback-control-based solutions that minimize 

perceived latency and maximally exploit available resources, 

even during downtime.  

 

               Fig 2: Adaptation and Synchronization 

2.1. Consistency Models in Distributed Systems 

Distributed platforms often store and process shared data to 

realize services that serve the business process. Services 

generate events or log data recording the service invocations 

and the system states during the operation. As the cross 

platform data synchronization/convergence introduces 
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additional latency or inconsistency in the operations of the 

services, policy guarantees are defined for these 

synchronizations. As per this guarantee, a synchronization 

happens if it does not affect the system responsiveness during 

load. The synchronization is non‐blocking if the syncing 

service can handle requests even the service runs during the 

syncing. Handling with lower freshness is allowed if 

maintaining freshness level relatively to the request is 

possible or when it has no impact on the clients. The events 

generated by a service running with lower freshness are 

synced once the service returns. 

The guarantees are specific to business domain or functional 

areas and changing usage from these domain makes the 

latency of the service shine out which is reduced in a non‐

blocking way. The data in the services that are required by 

other manifest asynchronously, causing stale data but allow 

using that without any issue unless superceed by highly fresh 

events. These defined guarantees help to adaptively sync 

across platforms to achieve the freshness needed for the 

operation. They are computed and approved ahead of time, 

allowing quick action during the time of operation without 

needing to rethink and analyze the aspect inorder to operate at 

that specific time. Convergence consistency or the lack of it 

is the classification of consistency in distributed systems. 

Equation 2: Adaptive Feedback Control Equation 

Derived from feedback control theory used in adaptive 

synchronization. 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖∫ 𝑒(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑𝑒(𝑡)

𝑑𝑡
 

Where: 

 𝑢(𝑡)= control action  

 𝑒(𝑡)= synchronization error  

 𝐾𝑝, 𝐾𝑖 , 𝐾𝑑= proportional, integral, derivative gains  

2.2. Feedback Control and Adaptation Mechanisms 

Feedback control provides a generic mechanism for 

adaptation in dynamic systems. Control theory studies the 

behavior of dynamical systems and designs a controller that 

manages their performance. The main components of a 

feedback control system are process, tracking controller, and 

controlling action. The system receives some inputs and 

produces certain outputs. The system calculates the error by 

taking the difference between the output and the desired set 

point. An appropriate controlling action is calculated from the 

error by the tracking controller and is sent as input to the 

system. 

The focus is on the design of an adaptation logic that 

determines how the control system should behave. At 

runtime, it uses telemetry information to decide whether or 

not to trigger adaptation and which adaptation options to take. 

Despite being stated in the context of feedback control, any 

suitable mechanism for adaptation can be used, ranging from 

model-based controllers to neural networks. However, since 

both the system and its adaptation mechanism are treated as 

black boxes, some principles of control theory — in 

particular, stability — can still be reapplied. Such principles 

guarantee that the system under control converges to the 

desired conditions when the adaptation logic triggers 

frequently enough. 

 

2.3. Observability and Telemetry in Hybrid Environments 
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Constructing and deploying hybrid enterprise solutions 

necessitates careful trade-off evaluations across various 

dimensions, including availability, consistency, and latency. 

When dynamic adaptation is employed to meet these trade-

offs, monitoring the system's alertness becomes crucial. 

Unsupported observations could render adaptation 

ineffective. Therefore, synchronization building blocks 

should incorporate observability capabilities to detect, 

observe, measure, analyze, and quantify conditions relevant 

for adaptive management. To determine and manage the right 

system responsiveness to trade-off envelopes, observability 

and telemetry constraints gaining experience during feedback 

control monitoring in hybrid environments require careful 

consideration. 

To accurately monitor responsiveness to trade-off envelopes, 

it is necessary to identify the indicators that need to be 

observed, measure them, and provide the right 

instrumentation. A well-deployed system can collect alerts 

that are actually employed by adaptation mechanisms, but for 

systems that dynamically connect to external telemetry 

systems, establishing a comprehensive telemetry capability 

across all system components is essential for efficiently 

detecting responsiveness. The telemetry design typically 

restricts data collection and communication overhead while 

enabling the observation of critical indicators. Also, when 

different components are deployed and operated by different 

parties, like multi-cloud or multi-tenant setups, telemetry 

capabilities must be provided to meet the different 

requirements of all parties involved in the deployment. 

Table 2: Distributed System Consistency Models 

Consistency 

Model 

Characteristic

s 

Advantage

s 
Limitations 

Strong 

Consistency 

Immediate 

synchronization 

across nodes 

High 

correctness 

Higher 

latency 

Eventual 

Consistency 

Data converges 

over time 

Better 

scalability 

Temporary 

stale data 

Consistency 

Model 

Characteristic

s 

Advantage

s 
Limitations 

Convergence 

Consistency 

Synchronizatio

n based on 

predefined 

guarantees 

Adaptive 

resource 

utilization 

Complex 

policy 

managemen

t 

Non-Blocking 

Synchronizatio

n 

Services 

continue 

operating 

during sync 

High 

availability 

Lower 

freshness 

guarantees 

3. Architectural Paradigms for Distributed 

Platforms 

The requirements of a global enterprise infrastructure are 

supported by multiple different infrastructure platforms such 

as data centers, PaaS, SaaS, IaaS, and hybrid clouds. Service-

oriented architectures (SOA) provide specific services and 

capabilities needed by various applications in the enterprise 

environment, while edge and fog computing provide specific 

capabilities close to data sources and applications needing low 

internal latency. Such a complex infrastructure enables 

enterprise applications to maintain a global presence with low 

latency. However, the environment is constantly changing, 

requiring the enterprise infrastructure platforms to adapt to 

these changes and not just the applications deployed in them. 

Distributed systems theory provides several necessary 

building blocks in the design of enterprise service 

synchronizations, such as availability, partition tolerance, 

consistency models and guarantees, and the presence of a data 

plane along which services can communicate. Additional 

concepts from feedback control can be used to establish 

adaptation logic for distributed enterprise infrastructure 

platforms. Finally, since these platforms operate at a lower 

level than hosted applications, they must provide suitable 

observability and telemetry to troubleshoot problems quickly. 
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                Fig 3: Architectural Paradigms for Distributed 

Platforms 

3.1. Service-Oriented and Microservices Architectures 

Service-oriented and microservices architectures differ 

primarily in their approach to offering a service: SOA stresses 

the use of service contracts, typically WSDL, to define how 

services are to interact, whereas microservices achieve a 

similar effect through distributed version control. This makes 

microservices more flexible in spite of the additional burden. 

Similarly, change is managed through versioning, although 

with the caveat that, in order to have a properly effectuated 

change, both providers and consumers have to be behaving. 

Eventual consistency manages this awkwardness by 

accepting that, from time to time, a consumer may find that 

what it is seeing is not what it expects. The same reasoning 

applies to cross-platform synchronization, where change is 

governed by gateways doing the right thing at the right time. 

Eventual consistency cannot be avoided, although with proper 

handling of causality the odd ordered event may be safely 

dropped. 

Both paradigms also abstract away from the underlying 

distribution, either hiding it completely or placing the 

responsibility for managing it solely with service consumers. 

Cloud-native services are primarily considered data planes: 

they handle data on behalf of the system without concern for 

how the flow of information is managed. It is in control plane 

services that the issues start to show. Decisions that change 

how the data flows through the system need to be made, often 

by coordinating across multiple services, but the model now 

exposes the distribution of infrastructure. Failing to observe 

the state of other control plane consumers when making a 

decision is a classic failure mode. 

Equation 3: Latency–Throughput Trade-off Equation 

This equation models system throughput degradation as 

synchronization latency increases. 

𝑇 =
𝑁

𝐿 + 𝑆
 

 

Where: 

 𝑇= throughput  

 𝑁= number of processed requests  

 𝐿= network latency  

𝑆= synchronization overhead 

3.2. Cloud-Native and Edge Computing Considerations 

The shift toward cloud-native architectures and edge 

computing is a reflection of the evolution of enterprise 

applications from user-facing components to interactive, data 

aqueducts that bridge the enterprise and its value chain with 

customers, partners, and suppliers. User experience is a 

critical success factor, and sensors can be leveraged for past 

and current interactions to improve system performance and 

accuracy. However, centralized cloud environments often 

introduce latencies that exceed human perception; increasing 

return on investment through a fairer distribution of cloud 

resources between users, the enterprise, and the service 

provider is a significant design challenge. Shared data 

institutions, which enable the coexistence of multiple data 

owners, are considered a promising approach to achieving 

these goals. 

Traditional sensor systems connect to a single tenant that 

owns the sensors, stores the data, and is the only one allowed 

to exploit the information collected. However, by allowing 
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data placement in different cloud-deployed edge resources, a 

partial distribution of cloud services can be achieved, and the 

costs of interacting with sensors can be reduced. The decision 

of where to place the sensor data can be controlled by a data 

institution formed by the data owners and with rules defined 

in a Service Level Agreement (SLA). Although such SLAs 

constrict sensor usage for exploitation or training, additional 

information from others may reduce prediction latency. 

Although these additional interactions may increase costs for 

other data owners, a trade-off can be achieved that favors the 

sensor owner. Cloud–edge approaches can go beyond 

traditional architectures by distributing only those services 

with low processing costs or used by a limited number of 

users, while maintaining those with high costs or that are 

protective by confidentiality in the centralized cloud, where 

computing resources are ample relative to demand. 

 

3.3. Data Plane versus Control Plane Synchronization 

Various platforms combine services for orchestration 

purposes, while others just expose the full stack via one or 

more application programming interface (API) gateways. For 

these platforms, the control plane decides synchronizations, 

while replicas in the data plane synchronize according to 

stipulated control commands. 

Dynamic, distributed service versions introduce complex 

ramifications, frequently impacting backward compatibility. 

Anti-patterns such as the need to change the customer service 

interface every time an additional company phone number is 

added should be avoided. Effectively allowing each 

microservice to have its own API versions, with no relation to 

those of other services, can be a solution. But every time an 

API version changes, all versions may nevertheless need to 

synchronize the data. Retrofitting the logic into the control 

program that decides which parts go to each Application 

Cloud or Cloud Plane can handle such dynamic data, and the 

process can also be automated. 

Table 3: Architectural Paradigms in Enterprise 

Platforms 

Architecture 

Type 
Characteristics 

Synchronization 

Challenges 

Service-

Oriented 

Architecture 

(SOA) 

Uses service 

contracts and 

centralized 

governance 

Tight coupling and 

version control 

Microservices 

Architecture 

Independent 

deployable services 

with APIs 

Distributed 

consistency 

management 

Cloud-Native 

Platforms 

Elastic and scalable 

cloud services 

Cross-cloud 

synchronization 

latency 

Edge Computing 
Processing near data 

source 

Data consistency 

across edge-cloud 

layers 

Hybrid Cloud-

Edge 

Combines cloud 

scalability and edge 

responsiveness 

Multi-location 

synchronization 

complexity 

4. Adaptive Synchronization Techniques 

Adaptive synchronization comprises decision criteria, 

mechanisms, and workflows for cross-platform service 
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coordination. Central to the definition of service 

synchronization are the properties of reversible policies, 

events that trigger synchronization, high-dimensional 

causality, motion in synchronization state space, and relative 

position with respect to property guarantees. The 

investigation encompasses dynamic versioning and rollback 

strategies consistent with policy safeguards, event-triggered 

synchronization mechanisms that respect property causality 

and ordering, and convergence rules driven by policies. Such 

rules govern the adaptation of property guarantees and 

regulation of load and external resources, with a view to 

maintaining consistency. 

Properties expressed through versioning offer strong 

guarantees that can be safely violated under heavy load. As 

version numbers drift closer together, the risk of violation is 

diminished. When resource consumption is not shared, 

graceful degradation is possible: versions converge towards 

the strongest available guarantee and the rader closes to an 

event that would violate that property becomes the trigger. In 

general, satisfying such properties necessitates more than 

stabilization; judicious synchronization lowers resource usage 

and improves performance, forming the essence of 

convergence definitions. 

Equation 4: Availability Under Replication 

This equation estimates service availability using replicated 

synchronization nodes. 

𝐴 = 1 − (1 − 𝑎)𝑛 

 

Where: 

 𝐴= overall system availability  

 𝑎= availability of one node  

 𝑛= number of replicated synchronized services  

4.1. Dynamic Versioning and Rollback Strategies 

Business policies often determine the service-level behavior 

of enterprise applications, specifying rules that need to be 

satisfi ed under particular operating conditions and 

workloads. To scale, these applications typically decompose 

into modular software components (e.g., REST services, 

microservices, functions, etc.) that are independently hosted. 

Balancing the relationship among these components, and with 

surrounding ecosystems, is diffi­cult, especially when 

multiple deployment and operational objectives have to be 

considered. Part of the challenge relates to the versioning of 

the services, especially when change takes place during 

periods characterized by heightened activity. Changes must 

either conform to the guarantees specifi ed in the operational 

policies or be aborted when safety preconditions are violated. 

Contemporaneous active versions are sometimes needed to 

accommodate user processing needs, but effort related to 

compatibility must be minimized. 

Adaptation of service-level versions to ensure satisfaction of 

operational policies represents one of the current challenges 

for cross-platform synchronisation in enterprise application 

ecosystems. A versioning strategy that is consistent with 

policies guaranteeing safety on the dynamics of the service 

offers a structured way to approach the problem. An 

additional aspect that requires careful consideration is the use 

of rollback procedures. Beyond a need for effective rollback 

mechanisms is the recognition that these need to be context 

aware and should follow an explicit replanning strategy in 

order to be really effective. 

 

              Fig 4: Model Rollbacks Through Versioning 
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4.2. Event-Driven Synchronization 

Event-driven mechanisms for synchronization trigger updates 

in response to business activity. Notifications of occurrence 

or change to the state of data, systems, or services initiate 

processing, where synchronization may be partial or full and 

preordering is not guaranteed. Event streams or publish–

subscribe patterns provide a framework for distributed 

architectures undergoing change. Updates may originate from 

user activity, systems of records, and similar sources at the 

data plane or from control plane operations such as 

configuration upload, code deployment, and other 

administrative activities. Synchronization sources detect the 

activity, produce the notifications, and make them available 

on the stream for consumption. 

As long as the causality among events is respected, the order 

of non-causally related updates may vary without breaches in 

consistency, Cardinality-1 or similar guarantees, and thus 

refine the overall requirement to one of eventual consistency 

instead. Satisfying this relaxed form provides an option for 

improved latency in blended conditions, at a possible increase 

in inconsistency. If confirmations of previous operations are 

provided by the stream, events may also include a rollback 

request, enabling undo without further processing. Non-

persistent connections to the stream are also permissible, 

providing a failure-tolerant mechanism that nonetheless 

preserve guarantees on message delivery and ordering. 

 

4.3. Policy-Driven Convergence and Consistency 

End-to-end quality of service guarantees across cross-

platform service boundaries are typically hard to fulfil, which 

diminishes dependability for the end users. Nevertheless, 

sensitivity analysis usually reveals that a temporary relaxing 

of the end-to-end guarantee will have no effective impact on 

the user experience. Workloads catering to a low consistency 

level usually trigger the lowest operational costs, yet provide 

the same business value as workloads catering to a higher 

level, as long as the perceived end-to-end quality of service is 

not compromised. 

These observations set the stage of a convergence logic that 

allows temporarily relaxing guarantees in order to 

counterbalance the extra costs of fulfilling them when it 

matters. The proposed policies define the precise conditions 

under which the guarantees of a workload can be temporarily 

relaxed and describe how any inconsistency is eventually 

eliminated. For status replication scenarios, such conditions 

depend on the duration of the temporary inconsistency and on 

its impact on the refresh rates of external caches. For other 

scenarios required information is annotated within the 

telemetry telemetry sub-system deployed for observability 

and debugging. 

Table 4: Adaptive Synchronization Techniques 

Technique Function 
Operational 

Impact 

Dynamic 

Versioning 

Allows coexistence of 

multiple service 

versions 

Reduces 

deployment 

downtime 

Rollback 

Strategies 

Reverts unsafe 

synchronization 

changes 

Enhances 

reliability 

Event-Driven 

Updates 

Synchronization via 

event streams 

Lowers 

synchronization 

latency 
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Technique Function 
Operational 

Impact 

Publish–

Subscribe 

Model 

Distributed event 

notification 

architecture 

Improves 

scalability 

Policy-Based 

Adaptation 

Runtime 

synchronization 

adjustment 

Optimizes resource 

utilization 

5. Evaluation Frameworks and Metrics 

A comprehensive quality analysis of service synchronization 

across several enterprise infrastructure and platform services 

entails the modeling of a service-oriented system based on 

these concepts and their evaluation against several significant 

non-functional parameters that provide a baseline for quality 

questions. Latency, throughput, and consistency trade-offs 

establish the first evaluation layer using a modeled 

infrastructure-as-a-service cloud architecture, while 

availability, partition tolerance, and resilience checking 

during fault injection generate the second. These two analysis 

levels represent the functional aspect of distributed enterprise 

infrastructure platform services. Finally, observability and 

debugging demands resulting from service interactions in 

complex topologies address the monitoring and debugging 

requirements in an enterprise environment, assisting in 

selecting the necessary dashboards and traces in these critical 

situations. 

Enterprise infrastructure services deployed in distributed 

configuration create new demands for service 

synchronization. Service dependency relations define when, 

how, and with which kind of guarantee services must be 

synchronized. Known quality metrics for synchronization 

functionality cover latency, throughput, consistency, 

availability, and resilience. The evaluation of these demands 

and their interaction in cross-platform synchronization 

solutions is essential, as it establishes the trade-offs in 

satisfying the different quality requirements. The complexity 

of enterprise infrastructure services, however, makes defining 

these metrics less straightforward. These quality dimensions 

must be analyzed and verified for adaptive approaches that act 

as overlay controls for synchronization, as defined in the 

previous sections. 

Equation 5: Synchronization Cost Optimization Function 

This equation minimizes synchronization cost while 

preserving consistency guarantees. 

𝐽 = 𝛼𝐿 + 𝛽𝐶𝑜 + 𝛾𝑅 

 

Where: 

 𝐽= total optimization cost  

 𝐿= latency cost  

 𝐶𝑜= operational synchronization cost  

 𝑅= resource consumption  

 𝛼, 𝛽, 𝛾= weighting coefficients 

5.1. Latency, Throughput, and Consistency Trade-offs 

Three distinct latency, throughput, and consistency trade-off 

dimensions are identified for a distributed enterprise 

infrastructure platform. The first addresses interaction 

earliness by balancing latency and data consistency across 

event-driven data plane process paths. The second relates to 

the effect of data placement on data plane throughput and 

control plane consistency. The third characterizes the 

implications of control plane telemetry configuration on 

system availability. Latency, throughput, consistency, and 

availability trade-offs are established using a benchmarking 

approach applied to an experimental setup. The findings are 

formalized to establish a practical measurement framework. 

Event-driven distributed infrastructure platforms facilitate 

data interactions in an inherently asynchronous manner. Data-

contributing services publish notifications that may be 

consumed by any interested data-consuming service. Causal 
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dependencies define the order of interest, but external stimuli 

do not guarantee earliness of the interactions for the 

consumers. Event-driven communication patterns generally 

mitigate latency deterioration caused by data distance, except 

for the cases where the communicating services reside in 

distinct cloud deployments. In such situations, propagation 

delays increase with storage service distance, including steps 

through an inter-cloud bridge, and may have a measurable 

negative impact on consumer-side business process 

completion timing. 

 

5.2. Availability and Partition Tolerance Implications 

No service synchronization, even for a limited scope and 

during a restricted time-frame, can ever be guaranteed to 

provide complete availability. Partition tolerance backed by 

such a guarantee can only be achieved when one of the 

services is offline, typically for maintenance. Therefore the 

principal goal in enabling service synchronization across 

enterprise infrastructure platforms should be to minimize the 

negative impact on partition tolerance. 

Partition tolerance typically is achieved through service 

decentralization and replication of service components, either 

active–active or active–passive. Replication control schemes 

are required to ensure correctness and safety. However, there 

is a cost associated for every additional service instance; and 

too many service instances can lead to scalability bottlenecks 

during both normal operations and failure recovery. 

Synchronization enables replication of service states rather 

than service components. Synchronization can be controlled 

to kick in only during an external malfunction, such as a new 

software version being introduced or an active service 

instance no longer being able to provide service. 

Nevertheless, each such synchronization operation is bound 

by the guarantees provided by the underlying replication 

control scheme of the service being synchronized. 

The overhead involved in offering a strong guarantee for the 

synchronization operation can be significant in terms of 

latency, throughput and operational costs. The operational 

costs need to be viewed in the context of current and historical 

downtime costs supported by the organization; in other words, 

how much downtime has actually cost the organization the 

last ten times this service or a similar service has gone down 

and how much would it cost to minimize that downtime for 

the next ten. The provisioning of additional service instances 

would reduce downtime but increase operational costs 

directly, and hence increasing the costs-to-benefits ratio. 

 

              Fig 5: CAP Theorem: Balancing Consistency, 

Availability, and Partition Tolerance 

5.3. Observability and Debugging in Complex Topologies 
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In addition to latency and throughput, observability and 

debugging emerge as key aspects when assessing 

synchronization in complex topologies. The synchronization 

triggers and event causality may result in challenges that can 

be hard to analyze, as they can span heterogeneous stacks, 

possibly even with multiple involved communication 

protocols. Consequently, specific dashboards and traces play 

an important role in the ability to understand the overall status 

of such composite connections. 

From an observability perspective, every service involved in 

the overall synchronization path must have sufficient 

telemetry to guarantee comprehensive monitoring in 

telemetry-concise deployments; sufficient events must be 

generated for proper monitoring in telemetry-burdened 

deployments. In addition to service logs, the overall status of 

mechanism status must also be clear: Auditing information 

should allow identifying which synchronization operations 

have been triggered by which events. 

Table 5: Feedback Control Components 

Component Role in Synchronization 

Process/System Distributed services and platforms 

Telemetry Input Collects operational metrics 

Controller Evaluates synchronization conditions 

Adaptation Logic Determines synchronization action 

Control Action Executes synchronization or rollback 

Output Monitoring Measures performance and consistency 

6. Practical Deployment Scenarios 

Enterprise IT modernization programs for adapting legacy 

environments often include solutions built on different 

platforms. These platforms can be integrated using cross-

platform service-oriented designs or be connected by 

interface-clearing elements in a microservice fashion. 

Synchronization of cross-platform services at runtime is an 

essential requirement, since features are gradually 

reimplemented, externalized to partner organizations, 

updated, or roll-backed before confirmation. Guarantees must 

match the deployment, since uncoordinated changes can 

jeopardize stability or correctness. Support for consistency at 

different levels and latencies is also an aspect usually 

neglected in solutions. To ensure reactivity in synchronization 

and a quick response when probabilities exceed defined 

couples, adaptive strategies are favored by separated control 

and data planes: Detection and alerting of synchronization 

need is done by the control plane, while the data plane is 

dedicated to satisfying the redundancy or correctness 

requirements. 

Multi-cloud or inter-cloud environments bring an extra layer 

of latency. Even though the delay may be partially hidden by 

a short-time buffer, longer workloads often only perform 

ARQ when setup with high availability. Monitoring and 

alerting systems such as Service Level Agreement (SLA) 

checkers can inform load on the services, and failures or high 

latency on a particular connection can trigger version 

synchronization or rollback. With specialized 

implementations, the management of the ARQ state machine 

can also be supported in a semi-automated fashion. In these 

environments, changes in data placement can also be 

performed to reduce round-trip times, and an edge node can 

locally proxy data close to the user, interacting with the 

central cloud when necessary. 
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6.1. Enterprise IT Modernization Programs 

Enterprise IT Modernization Programs 

Enterprise IT infrastructures often consist of several distinct, 

inter-connected infrastructure platforms and services on 

premises and off premises. In most cases, these infrastructures 

are becoming more heterogeneous and complex, spanning 

multiple providers and technology stacks across private 

clouds, public clouds, and edge computing sites. Enterprise IT 

modernization programs are efforts to either revise existing 

platforms and services or reengineer them in cloud 

environments. Many of these initiatives involve the use of 

disruptive technologies such as cloud computing, artificial 

intelligence and machine learning (AI/ML), data analytics, 

application and infrastructure automation, and the Internet of 

Things. 

However, modernization projects do not always cover the 

entire scope of modernization and all enterprise operations to 

be synchronized, resulting in a brittle and fragile IT 

environment that can very well be unstable and produce 

inconsistent results. Further, the synchronization support is 

usually hard-coded, brittle, and static. An enterprise that 

undergoes a full IT infrastructure modernization program in 

the cloud–edge space would have to analyze the services 

made available by each provider and by other providers to 

enable an exhaustive set of formerly available services in a 

distributed, resilient manner. Updates, deletions, and inserts 

in any data copy must therefore be synchronized with the 

original data copy or the other copies to ensure the correctness 

of the application. Various data synchronization techniques 

can be defined on the basis of the applications’ data access 

patterns and the nature of the data model. Interest in low-

latency applications is also driving investments in 5G 

networks and infrastructure, which promise low-latency 

access to cloud resources from the edge. 

Table 6: Evaluation Metrics for Synchronization 

Metric Purpose Impact Area 

Latency 
Measures 

synchronization delay 
User experience 

Throughput 
Evaluates request 

handling capability 

System 

scalability 

Availability Measures service uptime Reliability 

Consistency 
Ensures synchronized 

state correctness 
Data integrity 

Partition 

Tolerance 

Handles network 

failures 
Fault resilience 

Observability 
Enables monitoring and 

debugging 

Operational 

management 

6.2. Multi-Cloud and Inter-Cloud Synchronization 

Synchronizing enterprise services across multiple cloud 

providers is a business necessity and a complex technical 

challenge. Controls must be in place to ensure data and 

services remain in sync across providers, especially given that 

enterprise applications may be hosted and executed in 

different infrastructures. Recent cloud IPC-related research 

has proposed methods for establishing a brokerless VPS to 

connect virtual servers across different Cloud Providers or for 

scaling in multi–Cloud IPC scenarios by splitting cloud 

application services wisely among different Cloud Providers. 
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Companies or enterprises have the flexibility to choose a 

Cloud Provider by trading off between the cost, performance, 

and security of the Cloud Provider, but the need for inter-

cloud synchronization between their resources cannot be 

ignored. With the arrival of the multi-cloud era and the 

growing development of inter-cloud computing, 

synchronization issues need to be investigated further. 

Many existing synchronization solutions are designed 

primarily for on-premises data centers or private Clouds, with 

an overreliance on a central Broker, instead of extending 

Cloud–Cloud synchronization over a scalable inter-cloud 

architecture. Different enterprises can establish parallel or 

cross-cloud connections among all Clouds in a multi-cloud 

environment, enabling direct transportation among multi-

Cloud applications and achieving both storage and service 

synchronization without performance bottlenecks, thereby 

allowing them to take advantage of the lower cost of different 

Cloud Providers while seamlessly keeping resources 

synchronized. 

 

              Fig 6: Single-Cloud and Multi-Cloud Strategy 

6.3. Hybrid Cloud-Edge Deployments 

The rising popularity of edge computing and the ubiquitous 

use of cloud infrastructures (e.g., Infrastructure as a Service 

and Platform as a Service providers) have opened up new 

opportunities to deploy enterprise applications that combine 

the benefits of local execution (low latency, data locality) with 

the benefits of using cloud services and resources outside the 

enterprise data center (e.g., additional resources, bursty 

processing). These two paradigms can coexist in a hybrid 

cloud–edge topology, in which virtual machines or containers 

in edge nodes provide application services closer to the end-

users while leveraging additional resources in the cloud for 

bursty demand. A wide range of devices can be configured as 

edge nodes, including local servers from enterprise branches, 

sensor hubs, routers, and citizens’ devices. 

Despite the localization of cloud data and the associated data 

privacy and regulatory issues, hybrid edge–cloud 

deployments involve data replication and storage on both 

sides of the continuum. Consequently, data consistency and 

synchronization remain crucial issues. Several enterprise 

applications and environments with spatio-temporal 

information, such as transportation, manage information that 

change across space and time.  

In addition to guaranteeing the confidentiality and integrity of 

the data being synchronized, security and policy enforcement 

mechanisms are also important for appropriate data handling 

during service synchronization workflows between platforms 

located in different cloud infrastructures owned by two or 

more trusted organizations. Indeed, in these cases, services 

located in different cloud platforms may be operated by 

different organizations, and the data being asked to be 

synchronized may fall under the data sovereignty 

requirements imposed by local regulators or the customer 

itself. These requirements must be enforced, e.g., do not 

transfer data from one organization to another organization if 

the data are under regulatory constraints preventing the 

transfer from occurring. Such compliance controls can be 

realized through policy enforcement that describes these 

rules. 
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Adaptive Synchronization Control Layer 

7. Security, Compliance, and Governance 

Considerations 

Implementing service synchronization between distributed 

infrastructure platforms—whether they are residing within 

the confines of a single enterprise or span across several 

trusted organizations—raises important compliance and 

governance concerns. These issues arise from the need to 

guarantee the security of data and information, uphold policy 

requirements, and provision appropriate defenses against 

deliberate attacks. Therefore, in addition to the adaptive logic 

that supports enterprise infrastructure synchronization under 

varying load conditions, advanced service synchronization 

workflows should also define the controls necessary to sustain 

security, compliance and governance needs. 

 

Combined Double-Layer Vertical Model 

8. Conclusions 

Research and practice objectives are achieved through 

quantitative and qualitative methods. Evidence-based 

recommendations and guidelines enhance robustness and 

resilience across independently managed enterprise 

platforms, contributing toward compliance with internal 

governance and external regulation requirements. Recent 

availability incidents underline hyperscale cloud providers’ 

unintentional inability to offer cross-cloud guarantees. 

Unintentional unavailability fundamentally breaches the 

platform’s availability guarantees, requiring additional, 

policy-relevant recovery measures. 
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Reinforced by the sheer scale of enterprise IT, cross-

synchronization remains a critical area for rapid, responsive 

development, especially for core infrastructure platforms for 

which telemetric observability does not occur at automated 

tooling layer and thus lacks external observability. The 

resulting, reinforced, adaptive data replication, caching and 

consistency layer shall enable cost-optimised trade-offs 

across latency, read consistency and write availability. A 

long-established feedback control basis with dynamic 

proportional–integral adaptation offers a versatile framework 

across an expanded area of hybrid edge-oriented service 

deployments. Verification ensures practical observability and 

intuitively useful insights through focusing on typically 

essential metrics and tools with broad hybrid deployment 

relevance. 
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