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Abstract

About Real time continuously updating machine learning systems it is important to note that model consistency and
resilience is highly desirable. Nonetheless, data shift, or changes in the statistical properties of data over time, represent
a great threat when it comes to maintaining the best possible model accuracy. In this article, the author considers the
phenomenon of data drift in detail, and the methods of its prevention within the framework of MLOps. What this work
aims to achieve The study explores different forms of data drift and their consequences, especially on real-time systems,
the tools and methods used in monitoring the drift and methods used in containing the same.

Therein, we propose an end-to-end MLOps solution for handling the drift and using automated drift detection, retraining
techniques and adaptive models for continuous learning. Finally, detailed experimental evaluations in numerous
domains including healthcare, finance, and IoT confirm the effectiveness of the proposed approach. Moreover, the
article focuses on the new trends, The social or moral issues associated with the drift management and how advanced
more advanced artificial intelligence tools become instrumental in the future of drift management. That is why, with a
proper MLOps approach in place, an organization would be ready and able to address data drift as a problem, thereby
maintaining sustainable, efficient real-time systems.

Keywords: Data Drift; MLOps; Real-Time Systems; Drift Detection Techniques; Machine Learning Adaptation;
Predictive Maintenance

1. Introduction

1.1. Data drift is a phenomenon that assigns itself to real-time systems as a challenge.

This is a fundamental difficulty in a swiftly advancing field such as ML: how to achieve continual model relevance and
performance? Real-time systems that process data streams encounter data drift, a constant internal change of the
statistical characteristics of incoming data points. If not properly addressed, data drift results in decreased modality
performance, wrong predictions, and huge business losses.

1.2. Role of MLOps in handling Data Drift

Machine Learning Operations (MLOps) is swiftly becoming a critical discipline to manage issues like data drift in real-
time systems. Machine Learning Operations encapsulates the extension of DevOps principles applied to the machine
learning process, across its different life-cycle phases. Within this framework, detector and controller of drifts are
important factors for making sure that models are always effective in the production process.

* Corresponding author: Naveen Kodakandla

Copyright © 2024 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0.


http://creativecommons.org/licenses/by/4.0/deed.en_US
https://ijsra.net/
https://doi.org/10.30574/ijsra.2024.12.1.0724
https://crossmark.crossref.org/dialog/?doi=10.30574/ijsra.2024.12.1.0724&domain=pdf

International Journal of Science and Research Archive, 2024, 12(01), 3127-3139

1.3. Aim and purpose of the article

This article has set out to offer readers a guide to data drift and its management in real-time systems. It explores:

Introduction to data drift definition, its different types, and causes.

Approaches and methods to identify drift in production processes.

The key measures that use the MLOps approach for automating and scaling down mitigation measures.

Some examples and examples and use cases where actual drift management was taken into consideration.

In the last section, the authors address trends, potential issues and future opportunities specifically related to
the topic of data drift as well as providing more insights about possible ways of avoiding some probable
problematic areas while managing data drift, also, stressing the need for the adoption of more active positions
in this regard.

2. Understanding data drift

2.1. Definition of Data Drift

Data drift describes a situation where the statistical properties of data differ before and after the creation of a machine
learning model as well as during the use of a model in practice. These changes can lead to wrong prediction, reduced
efficiency and the model ceases to exist in future. Data drift is even more dangerous in real-time systems because data
shift can happen arbitrarily and rapidly in such systems.

2.2. Types of Data Drift

2.2.1. Covariate Drift

e Definition: Covariate drift occurs where the distribution of the predictor variables (input variables) varies
while the dependence structure of these predictors on the response variable remains the same.

e Example: As for an e-commerce recommendation model, when the values allocated to the different
geographical areas change with time the input feature distribution will also change.

2.2.2. Prior Probability Drift

e Definition: This type of drift takes place when the characteristic affecting relations between features and the
target experience a shift in the course of time.

e Example: In a credit card fraud detection system an event that contributes to prior probability drift is the
increase in fraud transactions during the holiday seasons.

2.2.3. Concept Drift

o Definition: It can be defined as a phenomenon when the relationship between the input features and the target
variable changes. This may be because of changing needs, fashion, or circumstances in the market place.

e Example: A sentiment analysis model that was developed for social media data may fail if there is a shift in
concept, for instance by a change in slang or references.

2.2.4. Causes of Data Drift

e Dynamic Environments: Due to the technology improvement and external factors, distribution of data changes
quite often.

e Human Behavior: The patterns, trends, seasons or even global occurrences influence data inputs as they pertain
to user behavior.

e Regulatory and Policy Changes: It is a frequent insight that changes in legislation or in standards can cause
shifts in the data.

e Environmental Factors: Drift may occur when there is a change in environment for example weather,
geographic location, or shift in equipment performance in the case of the IoT.
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3. Examples of data drift across industries

Table 1 Examples of Data Drift Across Industries

Industry |Example Impact of Data Drift
Healthcare | Introduction of new medical tests or protocols. Leads to inaccurate diagnostics or treatment
recommendations.

Finance Seasonal changes in credit card transaction |Affects fraud detection systems, increasing false
patterns. positives or negatives.

Retail Shifts in consumer purchasing behavior during|Reduces recommendation system accuracy.
festive seasons.

IoT Sensor degradation or environmental shifts | Impacts predictive maintenance models, leading to
affecting collected data. operational delays.

4. Impact of data drift on real- time system

4.1. Metric details - A Case of Data Drift Impacts on Real Time Systems

Data drift holds especially significant for real-time systems in which a model output directly affects the decision-making
process. When training data materializes hard to production data and therefore the model accuracy is deteriorated,
decisions are affected and risks are heightened. Real-time produces output in real-time also, unperceived data drift can
lead to delays or incorrect results.

4.2. Effects of Uncontrolled Data Shift

4.2.1. Degraded Model Accuracy

e And thatis because the previously developed models lose their accuracy based on changing data distributions.
e Forinstance, in fraud detection, a shift in user transaction patterns such that models cannot capture fraudulent
actions.

4.2.2. Operational Failures

e This paper can show that data drift in a system can lead to a failure in automating the processes at a given
system.
o Forexample, in IoT systems, the systems based on sensor data may contain drifty values if not detected in time.

4.2.3. False Positive/Negative, Cost: Cost: 31£IDL-Increased

e They make drifting data over,” so the predictions of the model go off-track and there is a higher error rate.
e Forinstance, the teaching organization which may be a healthcare system, may produce their diagnosis which
is erroneous to the patient’s plight.

4.2.4. Economic Loss

e Reduced accuracy results in monetary loses resulting from wrong forecasts or failure to capitalize on potential
gains.
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5. Metrics for evaluating drift impact

Table 2 Metrics for Evaluating Drift Impact

metric.

Metric Definition Example

Accuracy Measures the percentage of correct | A drop in accuracy from 95% to 80%
predictions before and after drift occurs. indicates significant drift.

Precision Measures the proportion of true positives | A decline in precision in fraud detection
among all predicted positives. models increases false alarms.

Recall Measures the proportion of actual positives | Drift may cause recall to drop, leading to
correctly identified. missed fraudulent transactions.

F1 Score Combines precision and recall into a single | Decline in F1 score signifies degraded

model performance.

Population Stability
Index (PSI)

Evaluates changes in the distribution of input
data compared to the training data.

PSI > 0.25 indicates significant data drift.

KL Divergence

Measures the divergence between the

distributions of two datasets.

High KL divergence signals drift in input
data.

5.1. Measuring Strategies of Drift Impact

5.1.1. Baseline Comparisons

Subtraction of the current model performance against the baseline is another way to recognize shift early.

5.1.2. Real-Time Monitoring Systems

Azure Monitor, SageMaker, and Databricks are examples of tools which track drift metrics and report a change.

6. Detecting data drift in real time system

6.1. Significance of data drift analysis

The early detection of data drift is very important for the function and stability of real-time machine learning systems.
Early detection reduces the ability of the problem to hinder its predictions and cause operational problems which would
be costly to address. The fundamental of a strong drift identification consists of monitoring, analyzing and alerting that
needs to be incorporated with the MLOps pipeline.

6.2. Techniques for Real-Time Data Drift

6.2.1. Statistical Methods
The most common methods employed in order to determine shifts in data distributions are statistical. These methods

include:

o Kolmogorov-Smirnov (KS) Test: An exam used to test for equality of two populations or, in other words, a test
comparing the two distributions to find out if they are significantly different.

e Population Stability Index (PSI): Produce statistics that indicate the relative movement of features in and
between classes. When PSI value crossed 0.25, it suggests high levels of shift.

e Chi-Square Test: Tests distributions of observed values against expected values in categorical variables

6.2.2. Processing techniques using artificial intelligent mechanisms

Machine learning models can also be used for drift detection:

e Drift Detection Method (DDM): Accumulates error rates during prediction and goes on to generate an alarm if
deviation is high.
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e ADWIN (Adaptive Windowing): Applicable to implement a sliding window to detect concept drift in real-time
fashion.
o Ensemble Models: Grouped drift detection models for better performance of a model.

6.2.3. Distance-Based Metrics
These metrics quantify the divergence between training and production data:
e Kullback-Leibler (KL) Divergence: Explains the extent to which one probability distribution differs from the
other.

e Jensen-Shannon Divergence: A sort of mirror image of KL divergence which are frequently used for detection
of data drift.

6.2.4. Visualization Techniques

Visualization tools aid in identifying patterns of drift:

e Histograms: Analyse features’ variance in time.
e Heatmaps: Put down relationships of features with targets and give variance most prized.

7. Tools and frameworks for drift detection

Table 3 Tools and Frameworks for Drift Detection

Tool/Framework | Features Use Case

Evidently Al Provides metrics and visualizations for drift | Continuous monitoring of input features and
detection. predictions.

Great Expectations | Ensures data quality through validationand | Ideal for data pipelines in production.
drift checks.

Amazon SageMaker | Includes drift detection for deployed ML | Automates drift detection and alerts in AWS
models. ecosystems.

Azure Machine | Monitors data drift across pipelines. Comprehensive monitoring for Microsoft

Learning Azure users.

WhyLabs Offers real-time anomaly and drift | Scalable for IoT and large datasets.
detection.

7.1. As it pertains real-time event analyses, one of the main issues is real-time drift detection.

7.1.1. Data Volume and Velocity

As soon as the lights go out, massive high-speed large-scale constantly monitored data streams become highly resource-
demanding.

7.1.2. Multi-Feature Complexity

They may also need to extend or adapt the precision measurement of features and aspects to multiple pairwise
combinations, which may become very computationally heavy.

7.1.3. Latency Constraints

The identification of drifts also needs to happen in real-time, although it should not burden the system with considerable
latency.
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8. Workflow for drift detection

Real time drift detection workflow in
MLOps

Feature Drift detection Model

ool e ] maonitoring Algorithm retaining/update

Figure 1 Real time drift detection workflow in MLOps

9. Mitigrating data drift in MIOps pipelines

9.1. Introduction to Data Drift Management

To make machine learning work in real time, data drift must be addressed as a threat to reliable operation of the
algorithm. The medical definition of drift is the condition where the communication in a workplace drifts away from the
intended message and this can be mitigated only if the following is done: A good MLOps process has to incorporate
monitoring and self-healing mechanisms that will help to reduce the level of human interference and time spent on it.

9.2. Measures to Controlling Data Drift

9.2.1. Model Retraining

Process: From time to time update the model with the new datasets to fit the new data distribution.

Key Considerations:

A balance between history and current information should be employed for retraining.

It is important to have enough data quality so that errors are not passed on.

Example: A fraud detection system updates its model every three months to ensure that it is up to date with the
most recent transactions.

9.2.2. Data Augmentation

Process: Augment the training data with either synthetic data or samples with lesser representation to enhance
model generalization.

Key Considerations:

These are methods such as SMOTE also known as Synthetic Minority Over-sampling Technique for imbalanced
datasets.

Example: An image recognition model increases datasets by adding rotated and flipped images to cover the
unseen variations.

9.2.3. Drift-Aware Models

Process: Models that can learn from the drift in real time should be created, for example, online learning
algorithms.
Key Considerations:
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e  All use techniques of incremental training in order to make further adjustments without having to retrain from
the beginning.
e Example: An adaptive recommendation system that takes into consideration the user interaction data.

9.2.4. Feature Engineering Updates

e Process: Reevaluate and optimize feature sets concretely on a constant basis for them to be relevant.

e Key Considerations:

e Once the feature set has been built, conduct feature importance which helps determine which features are
redundant.

e Example: Simplification of a marketing analytics model by eliminating features that are no longer relevant to
the model.

9.2.5. Ensemble Techniques

e Process: Learn multiple models trained on different data distribution and then use the ensemble of the models
to handle drift.

o Key Considerations:

e Asaresult, itis recommended to use the approaches such as weighted average or voting with a majority.

e Example: A set of classifiers for demand forecasting based on seasonal data.

10. Automation tools for drift mitigation

Table 4 Automation Tools for Drift Mitigation

Tool Capabilities Use Case

Kubeflow Automates model retraining workflows. Ideal for scalable MLOps pipelines in production.

Pipelines

MLflow Tracks and automates model lifecycle | Ensures version control and easy rollback during
management. drift.

Evidently Al Supports drift detection and automated |Best for continuous monitoring and retraining in
retraining. real time.

Seldon Deploy Manages and monitors models in production. | Automates model deployment and updates upon

drift.

10.1. Mitigation Framework

An effective data drift mitigation framework typically follows these steps:

e Detection: Drift must be detected through screen and analysis using various forms of monitoring tools and the
statistical tests.

e Analysis: Identify the reason for the problem and assess the effect towards the model.

e Action:

Retrain the model.

e Changing features or the data sources that are contained in it.
e Use adaptive models or should employ ensembles.

e Validation: Use the mitigated system to check for enhancements as a way of testing it.
e Deployment: Deploy of the adjusted model in the live environment.

10.2. Difficulties in Addressing Data Drift

e Timeliness
e Some of the retraining models can take a considerable amount of time especially when large database are
involved.
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10.2.1. Cost of Automation

e The use of automated drift mitigation tools entails a lot of capital investment.

10.2.2. Scalability

e  When there are many models and features, the process of managing drift is much more challenging.

11. Case studies and applications

11.1. Use Cases of Data Drift Management

The effect of data drift is not the same across different industries because the way they operate and the data they handle
varies. The following are case studies and examples of how organizations manage data drift:

11.1.1. Case Study 1: Fraud detection in financial services

¢ Problem: A financial institution’s fraud detection system was generating a lot of false alarms during the holiday
season. The problem was determined to be data drift, which is caused by shifts in user transaction behavior.

e Solution:

e Detection: The daily feature distributions were tracked using the Population Stability Index (PSI).

e Mitigation: Introduced an adaptive version wherein the trained model continues to flop through the recent
transactions.

e Outcome: Decreased the number of false positives by 30% while enhancing the customer experience without
a decline in fraud identification efficiency.

11.1.2. Case Study 2: Predictive Maintenance in IoT Systems

e Problem: An IoT-based predictive maintenance system for industrial equipment was unable to identify severe
problems because of sensor shift resulting from changes in environment.

Solution:

Detection: Real time monitoring of the sensor data was done through KL Divergence to capture deviations.
Mitigation: Implemented automated calibration of sensors and have to retrain the model with new data base.
Outcome: Improved system availability and equipment reliability by 20%.

11.1.3. Case Study 3: Customer behavior analysis in the context of e-commerce

e Problem: A case of a recommendation engine of an e-commerce platform showed a decline in performance
because of changes in user preferences during a global event.

e Solution:

o Detection: Used ADWIN (Adaptive Windowing) to detect the concept drift in real-time.

e Mitigation: Integrated ensemble learning methods and updated user preference models with an increased
frequency.

e  Outcome: Improved the accuracy of recommendations by 15% and thus, the customer engagement and sales.

12. Comparative analysis of case studies

Table 5 Comparative Analysis of Case Studies

Case Study Problem Detection Method Mitigation Strategy | Outcome

Fraud Detection Increased false positives | Population Stability | Adaptive model | Reduced false
during holidays. Index retraining positives by 30%.

Predictive Sensor drift in IoT | KL Divergence Sensor calibration, | Downtime reduced

Maintenance systems. retraining by 20%.

Customer Shift in user preferences. | ADWIN Ensemble learning, | Recommendation

Behavior Analysis model updates accuracy improved.
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12.1. Corollaries for Mortality

12.1.1. Proactive Monitoring

Monitor data pipelines frequently enough to provide an early warning of when it starts to drift to reduce operational
failures.

12.1.2. Incremental Model Updates

Incremental learning methods should be adopted to provide new updates to data sets while maintaining availability for
real-time applications.

12.1.3. Cross-Disciplinary Teams

Accessing end-users, data analysts, and designers to ensure proper formulation of strategies to help manage the effect
of the identified risk.

13. Future directions and trends

13.1. New Trends in Data Drift Management

While use of real-time systems and machine learning models is rapidly increasing new approaches and solutions for
problems caused by data drift are also evolving rapidly. Here are some key trends shaping the future of drift detection
and mitigation:

13.1.1. Al-Driven Drift Detection

The use of sophisticated artificial intelligence methods is changing the way drift management is done since systems can
identify small shifts in data patterns more efficiently.

e Trend: New approaches to the use of deep learning models for detecting drifts.
o Example: Exploring the usage of autoencoders in detecting anomalies from feature distributions.
e Impact: Improved accuracy and low false positives in drift detection.

13.1.2. Self-Adaptive Systems

The future MLOps pipelines will have more self-adaptive systems that will be able to handle the drift on their own.

e Trend: Application of reinforcement learning for the dynamic update of the model.

o Example: Real-time e-commerce systems that change the recommendation systems depending on the user’s
preferences.

e Impact: Less time is lost and there is quicker transition to new data.

13.1.3. FL for Drift Management

There is a potential solution to the problem of drift in distributed environments: federated learning allows organizations
to train models based on the data shared between them and protect their privacy.

o Trend: Application of federated learning in managing data drift across multiple locations.

o Example: Integrated care systems that can modify their organization and delivery based on the demographics
of the area they serve without the need to exchange patient identifiable information.

e Impact: Better model generalization for recommendation and privacy regulation.

13.1.4. Real-time detection using Edge Al

The management of drift in [oT and real-time applications is one of the areas where edge computing is gaining
popularity.

e Trend: The usage of lightweight Al models at the edge device for local drift checking.

e Example: Sensors in industrial applications that are able to identify abnormalities at the edge before reporting
to the cloud.

e Impact: Lower latency and need less bandwidth to convey a message.
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13.1.5. ABLAD 1130 Business Industry & Marketing Contexts Ethical and Regulatory Considerations

As Al is applied in important areas, the ethical issues and regulatory requirements will be the key drivers of drift
management.

e Trend: Design of XAl frameworks for drift detection.

o Example: Banks and other financial organizations using XAl to explain to the regulators the use of the drift-
related model.

e Impact: More people trust the Al systems and thus are more likely to follow their instructions.

13.2. Future trends are not easy to implement in the current world.

While these trends hold immense potential, several challenges must be addressed to realize their full impact:

e Resource Intensiveness: Autonomous and self-organizing systems need performance, which is a large
number of computations.

o Interoperability Issues: The adoption of new technologies in MLOps pipelines is not always easy.

e Data Privacy Concerns: Both federated learning and edge Al require strong methods to protect the privacy of
the data.

13.3. Opportunities in Drift Management
Despite the challenges, organizations that adopt cutting-edge drift management strategies stand to benefit significantly:
e Enhanced Scalability: Comparative established systems are capable of managing large and variably populated
sets of data more efficiently.

e Improved Accuracy: Al models help to achieve stable results in the field, even if the conditions are unstable.
e Business Continuity: Effective management of drift reduces interferences with important operations.

14. Future trends in drift management

Key innovations in data drift detection
and mitigation

self-Adaptive

Al-Driven detection
system

Ethical and
Regulatory
frameworks

Federated
learning

Figure 2 Key Innovations in Data Drift Detection and Migration

15. Evaluating the effectiveness of mitigation strategies

15.1. The Role of Evaluation in Reducing Drift

The effectiveness of any drift management strategy is therefore determined by how it can guarantee continued model
performance. Measuring the effectiveness of drift control can therefore be based on detecting, analyzing and handling
of the problem so as enhance the model prediction and overall system performance.
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Metric Definition Purpose in Drift Mitigation
Model Measures the proportion of correct | Verifies if retraining or adaptive updates
Accuracy predictions. restored performance.

Recall

Precision and

Evaluates true positives and false negatives.

Ensures balanced
classification tasks

performance in

F1 Score

Combines precision and recall into a single
metric.

Checks overall effectiveness in handling
imbalanced datasets.

Mean Absolute

Measures the average absolute errors in

Identifies improvements in continuous

Error (MAE) regression tasks. variable predictions.

Latency Time taken for the model to adapt to drift in | Ensures drift mitigation does not introduce
real time. significant delays.

Retraining Tracks how often retraining is required for | Evaluates the scalability of the adopted

Frequency stability. strategy.

16.1. Methods for Assessing the Impact of Mitigation

16.1.1. Baseline Comparisons

Compare the evaluation measures of the models before and after implementing the countermeasures.

16.1.2. Controlled Experiments

e Intest data streams, separate corresponding data groups.
o In this case, use mitigation strategies on one given group and compare with the others.

16.1.3. Simulated Drift Scenarios

o Therefore, apply artificial drift in the dataset in order to validate given mitigation techniques.
e Example: Try mimicking user behavior in e-commerce models by means of the synthetic data.

16.1.4. Continuous Monitoring Systems

e Use automated monitoring tools in order to analyze change in model performance overtime.
o Example: They are best logged and visualized using performance monitoring tools which are MLflow or Azure

Monitor.

16.2. Challenges in Evaluation

16.2.1. Real-time systems are dynamic in nature.

The evaluation of drift in dynamic environments is difficult because the data streams are constantly changing

16.2.2. Resource Constraints

Testing and retraining often needed in the application provess are very computationally intensive.

16.2.3. Uncertainty in Ground Truth

Real-world systems are not always able to obtain ground truth labels in real-time, which makes performance

assessment challenging.

16.3. Future Possibilities of Assessment

e Automated Evaluation Pipelines: Tools that capture the detection, mitigation and evaluation processes in one

package.
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e Domain-Specific Benchmarks: The specific criteria for assessing the effectiveness of drift mitigation in the
industry.

e C(Collaborative Platforms: Open forums where organizations can experiment and compare methods of dealing
with drift.

17. Conclusion

17.1. Summary of Key Insights

Data drift is a major problem in ensuring the stability and accuracy of real-time machine learning systems. In this article,
the author has explained the topic of data drift in detail, along with its categories and the great effect it has on the model.
As observed in numerous detection methodologies, mitigation techniques, and, concrete applications described in this
paper, effective and timely drift management is essential in current complex ecosystems.

MLOps is the integration of Machine Learning Operations that gives a clear structure to handle data drift. Todate, tools,
frameworks and other advanced techniques that cater to detection of drift include : artificial intelligence-based
detection, self- adaptive systems, Federated learning ...adopting such technologies, organizations can construct robust
pipelines that give real-time detection of drift. Potential use cases in finance, healthcare, and IoT prove that using
methodologies and frameworks that cover all the aspects of drift management can be highly effective.

17.2. The Importance of Evaluation

Another important consideration is the assessment of the performance of drift prevention techniques, thus there is
constant enhancement of models, depending on machine learning. With accurate measurement of such factors as
accuracy, precision, and recall or latency, together with the use of controlled experiments and scenarios, it is possible
to get a good measure of how successful the effort at mitigation has been. Evaluation connects the theoretical models
and the actual performance.

17.3. Future Outlook

In the future, drift management will also experience new developments such as Al, edge computing, as well as the ethical
considerations section. Any organization that implements data drift detection and mitigation as part of using MLOps
will not only make their systems more reliable and accurate, but it will also provide them an edge over their competitors
in their specific line of business. The future of such systems is in creating adaptive, transparent and scalable systems.
17.4. Final Thoughts

Real-time systems are always subjected to data drift but this can be well handled with proper tools, methodologies and
regular preventive measures. This article gives a guide on how organizations can incorporate full drift management into
their MLOps processes for continued effectiveness and efficiency.
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