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Abstract:
The collection and analysis of reliable data captured by monitoring equipment located at nuclear facilities is essential for international nuclear safeguards. However, the current safeguards systems have expensive data encryption and authentication techniques that can restrict broader application and the ease of use of these technologies. This research aims to enhance trust in the anomaly detection capabilities within the surveillances and exposure of breach data. Our approach leverages two technologies: Distributed Ledger Technology (DLT) and grammar compression (GC) based anomaly detection. DLT creates an immutable and decentralized system to monitor the origin and flow of data within safeguard enclosures providing full transparency. GC is used to monitor multivariate time-series data gathered at the field through sophisticated measurement devices and identify breaches with minimal resource utilization. Also, investigation on the application of multi-party computation (MPC), which allows the secure integration of other operator data, such as safety or physical protection system logs, without revealing confidential or proprietary data, is conducted. The methods were evaluated using the data from the Multiple-Informatics for Nuclear Operations Scenarios (MINOS) testbed, which is a realistic proxy for international safeguards data. Preliminary findings support that this integrated framework has the potential to improve the efficacy, security, and scalability of verification processes, as well as enabling the integration of novel data types while upholding privacy concerns.
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I. INTRODUCTION
The world’s nuclear energy is managed by a system of treaties, regulations, and verification systems that intent to guarantee nuclear materials and technology is used soley for peaceful purposes. The concept of nuclear safeguards is at the heart of this framework. Maintaining these regulations involves a collection of technical actions undertaken by the IAEA and other national bodies to confirm states are participating in international treaties such as the 
Non-Proliferation Treaty (NPT). These safeguards are complemented by the perpetual oversight of monitoring data collection at the nuclear facilities which include power reactors, fuel fabrication plants, enrichment facilities, and storage sites. The safeguards data that is collected aids in ensuring nuclear materials will not be diverted from intended peaceful uses, as well as aids in the construction of global faith and non-partisan policies.
In the most recent years, the implementation of fundamental protective measures has been increasingly critiqued. Modern monitoring equipment is sophisticated and complex, to the point where it exceeds the boundaries of existing verification tools, and the multitude of possible threats is growing at a rapid pace. Existing infrastructure relies on high priced hardware solutions including encryption and physical data seals that are monetarily costly and based on a single location. Although these approaches are generally valid, they do not scale well alongside changing requirements, and their rapid adaptability is lacking in scenarios where integration of new data sources, decentralized monitoring, or prompt deployment is needed.
Safeguards verification's other significant challenge is anomaly detection, which is defined as identifying unusual patterns within vast datasets that could signal a breach or a malfunction [3]. Attempts to apply classical techniques of anomaly detection tend to be inadequate in the presence of high-dimensional, multivariate time-series data, as is common in the case of nuclear monitoring systems [9]. Moreover, safeguards inspectors have to differentiate between mundane benign anomalies attributed to routine maintenance or safety system functions and potential indicators of misuse or diversion. This problem is made worse with operator driven control systems, where the proprietary or sensitive nature of the information might be restricted, thus creating gaps in the inspectorate’s situational awareness of the facility’s operational status.
In light of these difficulties, there is an increasing need to investigate further how to improve the capability of anomaly detection and the surety meaning, the trust, security and integrity of safeguards data [6]. In this regard, “surety” not only encompasses the security of data from the risk of alteration or destruction but also emphasizes the credibility and trackability as well as the provenance of the data and the changes made to it which are important in any strong and just underpinning constructive guards explanatory analysis. This paper attempts to present a new approach to the current gaps in traditional safeguards systems by taking into account recent developments in Distributed Ledger Technology (DLT), grammar compression (GC)-based anomaly detection, and multi-party computation (MPC). DLT, or Distributed Ledger Technology as it is known in blockchain domains, provides a decentralized and virtually unalterable mechanism for recording and managing the transactions of data. In implementing nuclear safeguards, DLT can be used for immutable audit trails pertaining to the flow of safeguards data, thus increasing transparency and enabling proof of information origin tracking. Differing from centralized systems, DLT enables distributed trust, where every participant, including operators, inspectors, and regulators, verifies data accuracy independently of any controlling entity. This effectively reduces the chance of any form of data manipulation, whether intentional or inadvertent, increases trust, and enables flexible data sharing among numerous users.
At the same time, this study looks into the use of grammar compression (GC) methods GC-based anomaly detection. GC is a data compression approach which scans the dataset for loops and patterns to compress them. When time-series data collected from monitoring equipment is processed, GC can act as a simple and efficient mechanism for detecting operational deviations. Some machine learning algorithms that apply anomaly detection are highly supervised, require long training sessions, and exhaust computational resources. Detection based on GC is unsupervised and requires almost no training, making it suitable for operation in near-real-time scenarios and limited resources. Besides, GC methods are highly interpretable and therefore, inspectors have better understanding of the nature and context of the captured anomalies.
The incorporation of multi-party computation (MPC) as a secure means for integrating additional data sources, especially those maintained by facility operators, such as safety and physical protection system logs, constitutes the third pillar of this framework. Those sources are sensitive or proprietary in nature. MPC allows a group of individuals to collectively compute a function over their inputs x1, x2, . . . xn without revealing any information about the inputs. In the context of safeguards, this implies that inspectors have access to some facility events that are usually regarded as dubious, and operators get to ascertain that their sensitive information is not compromised. Such MLM mediator methods enable richer, more detailed contextual investigation about the facility’s conduct.  
The integration of DLT, GC, and MPC constitutes a triad striving to address some of the most deep-rooted issues pertaining modern safeguards verification. The reliability and traceability of data is provided by DLT, while identification of complex dataset anomalies is tackled by GC. On the other hand, MPC deals with the safe combination of various datasets. These tools strengthen and evolve safeguard systems by making them more flexible, transparent, intelligent, and up-to par with the transforming nuclear environment. To determine the usefulness of these proposed techniques, we implement the data from the Multiple-Informatics for Nuclear operations Scenarios (MINOS) testbed. The MINOS testbed is a simulacrum that simulates the processes and data streams of actual nuclear facilities. MINOS testbed is a controlled laboratory for testing safeguards such as algorithms for data integrity assurance, detection techniques, and secure computation without the risk of jeopardizing real infrastructure.
The proposed research concentrates on constructing and evaluating complete frameworks aimed at improving the preservation, traceability, analysis of safeguards metadata, and the marking of metadata using advanced digital tools. This study brings together various advanced digital technologies; DLT and GC to address data integrity and effective anomaly detection respectively, and MPC to enable secure integration of information, to overcome the shortcomings of traditional safeguard systems. This research is conducted through experimental tests in MINOS testbed, they attempts to demonstrate how the intuitive processed modify undermined exploitability of nuclear exploitation verifiability systems. The objective of this study is to transform international safeguards systems by providing non-intrusive and privacy-protecting technologies designed to enhance global non-proliferation verification efforts.
II. LITERATURE SURVEY
The IAEA and similar organizations have international safeguards verification processes. These processes, specifically for nuclear materials, predominantly depend on measurement, which is the collection and analysis of data from safeguards equipment. With measurement becoming more complex, especially for multivariate time-series data, there is a higher demand for techniques and methods to ensure data integrity as well as detect anomalies and breaches of containment.
Anomalies in Safeguard Data
Anomaly detection is widely regarded for its role in potential diversion or misappropriation of assets in a nuclear setting. In our domain of interest, recognizing unusual actions in an entity is principal. Chandola, et al. (2009) [1] provides very helpful foundation review on anomaly detection schemes and classifies them into statistical, proximity-based frameworks, clustering, or classification. Each of these categories has its strong and weak aspects based on the type of data and problem area domain. In the safeguard’s context, structural anomalies especially those in the series of multivariate time series involve missing expected sequences and are of great concern because of their deceptive nature, meaning rather than distinct clear outlier (point anomalies), subtle deviations are processes.
One of these is in HOTSAX, which stands for Heuristically Ordered Time-Series using Symbolic Aggregate approXimation, and operates on the premise of efficiently discerning patterns in temporal data. Keogh et al (2005) [2] gave an example of how symbolic representations like SAX reveal the dimensionality and enable the discoveries of anomalies with little computation effort. However, HOTSAX and similar approaches make use of fixed-length patterns and predefined parameters which limit their practicality in safeguard scenarios where anomalous events are sparse as well as infrequently occurring, and unpredictable in length. 
Grammar Compression and Symbolic Discretization  
The evolving technology tackled issues posed by fixed length anomaly detection. Lin et al. (2012) [4] proposed time series anomaly detection using grammar based compression which combined symbolic discretization with grammar induction, allowing for the detection of multiple variable-length anomalies without prior knowledge of the pattern length. This method is notably effective for detecting structural anomalies and is scalable to large datasets an essential feature given the volume of safeguards data. Sakurada and Yairi (2014) [5] advanced the development of unsupervised anomaly detection by reconstructing multivariate time series using autoencoders and identifying deviations from expected behaviors. While powerful, such neural network based methods can be for some computationally expensive, and devoid of explainability, which are two crucial factors in the sensitive field of nuclear safeguards.
Multivariate and High Dimensional Time Series Analysis  
The need for monitoring safeguards using sensors with different measurement variables makes multivariate anomaly detection critical. Hundman et al. (2018) [7] developed an LSTM framework for spacecraft telemetry anomaly detection that showcased the potential of deep learning on high dimensional time series data. Nonetheless, the requirement of labelled training data and the opaque nature of these models pose dangers in critical systems due to their lack of trust and transparency, especially in contexts such as nuclear material accounting.  Such attempts still suffer from a lack of interpretability and supervision. Anagnostopoulos et al. (2021) [8] analyzing anomaly detection in cyber physical systems emphasized approaches that can scale with the data being handled, adjust in real time to detect anomalies, and operate without retraining for changing conditions.  
Guaranteeing Data Surety with Distributed Ledger Technology.  
While focusing on anomaly detection constitutes maintaining the integrity of content, ensuring data verifying authenticity, provenance, and immutability also remains crucial. The emergence of tamper-proof decentralized records has drawn attention towards DLT, and blockchain. Zyskind et al. (2015) [10] looked into the auditing and personal data privacy aspects of blockchain and set the stage for secure data management framework development. For the safeguard context, Johnson et al (2021) [11] suggested blockchain technology to store sensor data logs of nuclear facilities for better control over transparency and traceability. With the incorporation of DLT into safeguards workflows, data provenance and inspection access records become verifiable independently, which enhances trust and accountability.  
MPC-Based Data Sharing Techniques  
The incorporation of nontraditional data sources, such as from safety or physical protection systems, raises privacy concerns. Multi-party computation is an innovative concept that allows data analysis without revealing private information. Bogdanov et al (2008) [12] demonstrated the first practical collaborations with privacy-preserving protocols using secure multi-party protocol compilers by introducing FairplayMP. In the most recent research, Nikolaenko et al (2013) [13] demonstrated the use of encrypted input data to perform statistical computations on encrypted data, exposing useful insights while keeping the raw data confidential. Changing these proprietary agreements through MPC allows inspectors to use relevant datasets provided by operators related to explanations for anomalies such as equipment failure or alarm triggers while keeping confidentiality intact.
Synthesis and Existing Gaps 
No doubt a number of efforts have been made toward the problems of anomaly detection, data integrity, and secure collaboration, few have tried to incorporate these techniques into a cohesive framework tailored specifically for safeguard data. Most existing models of anomaly detection often have to balance efficiency with accuracy and interpretability. At the same time, DLT and MPC have not been applied to the nuclear verification field, particularly in combination with time-series anomaly detection. I attempt to address these gaps by integrating grammar compression-based anomaly detection, data integrity, and privacy-preserving analysis via MPC involving blockchain. This framework offers the potential for advanced data analytics to systematically and securely explain the protection of sensitive nuclear material.
III. METHODOLOGY 
This research uses an all-inclusive approach to meet the challenging requirements of anomaly detection and data integrity validation in the context of international nuclear safeguards. Multiple instruments emit streams of data, including radiation monitors, environmental monitor, surveillance cameras, and access control systems. These distinct data streams, especially time-series data, are essential for determining compliance with the nuclear nonproliferation treaty. The combination of the data’s high volume, multivariate character, and the subtlety and infrequency of possible anomalies makes the data exceedingly difficult to analyze. Addressing these difficulties pertaining to accuracy and scalability is the focus of this study which uses a combination of classical and modern analytical techniques.
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Figure 1: Classical Anomaly Detection Workflow for Safeguards Data Analysis [14]
The raw information from a variety of protective systems set at nuclear infrastructures is now being captured. Inputs include continuous streams of measurements such as gamma spectra, neutron flux, or even equipment status logs that must be synced, purged, and standardized prior to advancement. The first stage focuses on extensive preprocessing and filtering of data at different stages of its life cycle. During this step, essential tasks include cleansing off the systems correcting, removing, or replacing dirty values, eliminating extraneous data, and unifying time marks across different data streams. Enhancing preprocessing results in consistency and readiness for prospective valuable analysis. Given the precise and critical nature of nuclear safeguards, this particular procedure also entails the implementing steps of information safeguarding concerning ensuring the accuracy of data during the upload stage.
When the raw data is ready, it undergoes the processing phase which entails statistical analysis and data manipulation. Analytical processes are employed to determine if standard statistical methods can reveal relevant features of interest. Techniques such as moving average filters, Fourier transforms, and decomposition of time series tend to split the data's constituent trend, seasonal, and residual elements. In high dimensional spaces that contain outputs from multiple sensors, Principal Component Analysis (PCA), a method for reducing the number of dimensions, may also be applied. In this phase of analysis, the data is modified to simplify the process of detecting anomalies which, in turn, accentuates any changes or relationships that may indicate abnormal behavior.
The data now undergoes the step of threshold determination, where models or expert judgment is applied to set the bounds of acceptable values for normal functioning within operating ranges. Deviations are considered anomalies in case they are beyond these boundaries. This classical method, albeit fundamental, might struggle with context rich complexity in detecting advanced anomalies; especially structural ones that occur gradually over time. Regardless, it assists in the formation of the baseline which can be compared to for more sophisticated models. The process as a whole is depicted in Figure 1 [14], which outlines a simplified sequence from data input to anomaly detection. The figure captures the traditional workflow commonly executed in safeguards analytics, depicting crucial elements such as preprocessing, statistical transformation, thresholding, and final decision making.
Classic methodologies, although effective for some cases, erect barriers preventing emerging sophisticated adversarial activities disguised as stealthy and multi-faceted deviations from penetrating through. Most changes brought forth by anomalies, particularly those affected by multitude coordinated shifts spanning several data channels, tend to evade detection using straightforward statistical cut-offs or outlier detection frameworks. Moreover, this approach is more classical because of the pre assumption of what is normal and abnormal within a scenario, which does not occur in reality for nuclear monitoring systems.
At the next stage in this research, these limitations are addressed through the incorporation of advanced methods of anomaly detection, most notably those relying on symbolic grammar compression and neural networks. These approaches allow for the identification of strucally anomalous subsequences of variable length within time-series data events that are generally considered out of scope for threshold or point anomaly model detection. The ability to transform numeric sequences into pertinent symbols and thereby compress them greatly shrinks the pattern search realm to isolated sequences which are irregular. This technique when used with deep learning models exhibits heightened sensitivity and generalization which is critical for analyzing safeguards data where even subtle changes could be highly important. It does not compromise any reliability, interpretability or structure of existing workflows. Instead, it combines advanced machine learning techniques tasked with multivariate correlation, as well as data volume and complexity at scale. Moreover, the lack of labeled training datasets makes this approach advantageous because annotated safeguards anomalies in real facilities are scarce.
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Figure 2: Workflow for Anomaly Detection in Time-Series Data Using Deep Neural Networks and Grammar Compression [15]
The approach outlined above stems from the necessity to find faint and complex patterns in the vast time-series datasets created by radiation detection devices located in nuclear facilities. The datasets are sensitive in nature, multivariate in nature, often devoid of ground-truth labels, and therefore resistant to applying supervised learning techniques, which renders them less practical. The methodology utilizes advanced signal integration techniques, along with unsupervised pattern identification and deep learning classification, to improve accuracy and reliability of anomaly detection techniques in such cases.
The process starts with the collection of time-based spectral data emanating from radiation detectors, as depicted in Figure 2 [15]. The spectra which are recorded over an extended period form what is referred to as high-dimensional and often noisy time-series signals. A data preprocessing stage is first applied to increase signal interpretability. This entails normalization of the raw signals to remove variabilities due to sensor drift, baseline shifts, and other environmental shifts. Spectral integration is also performed to condense the data into univariate or lower multidimensional time series. This transformation serves as a basis for anomaly detection.
Subsequently, A deep neural network (DNN) is used to improve the merging of components of the signals. This type of neural architecture learns to assign proper weights to various informative parts of the spectral input while turning down the noise, emphasizing the relevant parts. Through exposure to representative samples of typical operational data, the DNN creates a synthesized signal that accurately reflects the expected behavior of the monitored system. This enhanced signal is valuable as it combines data from several channels into one streamlined time-series while maintaining the essential characteristics of the dynamics and temporal patterns.
After obtaining a suitable time-series representation, the next step is candidate solutions for anomalies detection using grammar compression (GC) techniques. Grammar Compression employs symbolic representation of data to provide a more compact description of a given data set. In the context of time-series data, it transforms real-valued data into symbolic sequences using discretization techniques such as SAX (Symbolic Aggregate approXimation) which allows data to be processed as sequences of symbols and recognized using grammar based algorithms. Using GC algorithms, a grammar is constructed from the symbolic sequence, which entails recognizing patterns, subsequences of frequently occurring elements and deciding in some cases not to include some patterns. Anomalies are flagged when subsequences are uncommonly occurring and deviate from the dominant grammar rules during construction of the grammar rules. Instead of relying on fixed templates or pattern length as traditional methods do, grammar compression approach makes no assumption beforehand avoiding complicated constraints placed by traditional methods. This makes it easy to detect anomalies that are hidden in dynamic and unstructured datasets common in nuclear safeguard environments.
Every FCN process inputs in overlapping segments, which allows for the learning of shape features pertaining to normal operational cycles and anomalous deviations. After candidates for anomalies have been isolated using grammar compression, a fully convolutional network (FCN) is used for decision making. It segments the time series and performs classification into normal and anomalous behavior on the basis of local and global temporal features, applying deep techniques for the discriminative model. Each segment of the signal is divided into windows, and with the use of convolutional layers, multiscale features are extracted across different levels. This model also enables semi-supervised training with a small subset of labeled anomalies, enabling the model to adapt to unreleased or more refined changes within the data that’s tested. For operator alerts or forensic evaluation, the output generated by the FCN in question is a probability or class label - whether the segment is anomalous or not. This guarantees that anomalies can be flagged, and deeper analysis can be done as needed on these segments.
The entire anomaly detection workflow is outlined in Figure 2 [15]. In the left side of the figure, the process is applied to normal signals where no structural anomalies are detected. On the right side, in contrast, there is processing of anomalous signals which has patterns of deviations that have been identified and verified through the classifying model. Following this approach in different layers adds assurance that detection of anomalies would not only be context sensitive and multi-faceted resulting in decreased false positives and high certainty from inspectors but also high sensitivity during the detection processes.
A unique benefit of the methodology highlighted in the text above is its scalability as well as computational efficiency. Grammar compression works at nearly linear speeds, which makes it possible to deal with huge amounts of streaming data with very little latency. Furthermore, the symbolic form decreases the total memory size needed and also makes those methods easier to perform look up operations. This approach is also modular, which enables expandability or adaptation to other types of safeguard’s data apart from radiation signals such as vibration, temperature, or control system logs. Moreover, the methodology has a good fit with secure data-sharing frameworks like those based on secure multi-party computing (MPC) and even blockchain-based distributed ledger technologies (DLT), which is also the focus of the current research. These systems enable processing of sensitive information in a manner that protects individual privacy by allowing operators and inspectors to work together without sharing sensitive commercial or proprietary details.
Based on the methodology, assessment and evaluation are done through the Mixed-Informatics for Nuclear Operations Scenarios (MINOS) testbed which simulates international safeguards scenarios. Baseline datasets are supplemented with artificial anomalies to provide a fair evaluation for the anomaly detection pipeline using HOTSAX, Isolation Forest, Hidden Markov Models, and other advanced methods. The efficiency of the proposed method is measured in relation to determination accuracy, precision, sensitivity, F1 measure, and time spent processing data. Initial findings show that grammar compression with neural classifiers greatly enhances the ability to detect structural anomalies, particularly those that are temporally diffuse and subtle.
IV. RESULTS AND DISCUSSIONS
The framework was evaluated alongside traditional approaches, such as HOTSAX, Isolation Forest, and Hidden Markov Models (HMM), on the basis of detection accuracy while integrating grammar compression and neural network classifiers. The evaluation was performed using synthetic anomalies injected into time series datasets from the MINOS safeguards testbed. As observed in Figure 3, the proposed method surpassed its competitors by achieving the highest accuracy of 96% with an F1 score of 94%, in contrast to the HOTSAX method which had 82% accuracy and 78% F1, Isolation Forest’s 85% accuracy and 83% F1, and HMM’s dismal 80% accuracy and 76% F1. The results achieved underlined the ability of the proposed system to effortlessly detect structural anomalies with subtle multivariate features of varying lengths. The framework’s failure to capture low-level details did not seem to impact the outcome since the model’s ability to learn high level temporal features was complemented by grammar compression known for efficiency in highlighting symbolic irregularities, resulting in increased detection rates with reduced false positives.

Figure 3: Performance comparison of anomaly detection approaches
These results show how effective the integration of symbolic pattern recognition and deep learning is for anomaly detection in safeguards. The more established approaches like HOTSAX and HMM tend to work with fixed size patterns and statistical assumptions which makes adapting in real-world monitoring situations where anomalies are scarce, context-sensitive, and divergent, difficult. On the other hand, the proposed hybrid approach leverages semi-supervised learning and symbolic sequence analysis increasing its generalization ability across unseen anomaly types without vast labeled training datasets. The consistent margin by which established techniques are outperformed suggests that their results enhance rich, flexible, structure grammar-based representations of time-series data. Also, the method’s compatibility with scalable architectures and secure sharing frameworks makes it a strong candidate for operational use in international safeguards systems where real-time detection and collaborative verification pose critical needs.
V. CONCLUSION AND FUTUREWORK
This study provides a new approach for anomaly detection in international nuclear safeguard data by using grammar compression and deep neural networks for heightening precision and scalability. Utilizing symbolic pattern recognition and deep learning, the framework captures even the most sophisticated and subtle nuances of anomalies found in the time-series data obtained from monitoring nuclear facilities. The outcomes achieved from the MINOS testbed affirm that the methodology surpasses other conventional methods, including HOTSAX, and Hidden Markov Models in the sensitivity of detecting structural anomalies and reducing false positive rates. This especially applies to the drowned river valley approach. Moreover, the system’s capability to function with secure data sharing environments, such as MPC and DLT, further enhances its prospects for practical implementation by maintaining privacy bound trust in data and validation of safeguards’ verification.
Subsequent investigations should aim at improving the structure for an elaborate real-time anomaly detection system and adding environmental and control system data streams for more accurate detection across multiple modalities. Furthermore, the addition of transfer learning, domain adaptation, and improved privacy preserving methods would heighten system security and flexibility, increasing its susceptibility to changes within the framework and sensitive information. The following task would be implementation in the field and evaluation in nuclear security exposure scenarios to test the system in operational nuclear safeguards conditions to guarantee consistency and reliability of the system in detecting anomalies and safeguard nuclear materials.
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