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ABSTRACT
In recent years, with the rise of Surface Nanoscale Axial Photonics devices (SNAP), they have been used in many fields such as optical signal processing and quantum computing [1]. Due to the limitations of the principle of the optical vector network analyser, the light information obtained by the instrument is usually the average of two orthogonal polarization states [2], which is not conducive to the precise analysis of a single polarization state. 
To obtain accurate information about the axially nanodevices with single polarization, it is necessary to analyse the data from the spectrometer, identify characteristic patterns, and use the Singular Value Decomposition (SVD) algorithm to extract the correct signal [3]. The main purpose of this report is to theoretically analyse and model the decomposition process, implement the Singular Value Decomposition function using the Levenberg-Marquardt (LM) algorithm [4], and utilize the Python programming language for the concrete implementation of the code. Additionally, the report aims to improve the image output functionality by automatically recognizing and segmenting the output images of device insertion loss, thus simplifying data processing and analysis.
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1.1 [bookmark: _Toc121041576][bookmark: _Toc202288056][bookmark: _Toc266447524][bookmark: _Toc170223000][bookmark: _Toc174461959][bookmark: _Toc175722649][bookmark: _Toc175723054][bookmark: _Toc175728685]Introduction

One of the greatest challenges in modern photonics research within the field of optics is the creation of miniature, low-loss, and high-speed optical signal processors, which is critical for numerous applications in biology, spectroscopy, and atomic and molecular physics [5]. In small photonic structures, it is assumed that optical pulses experience many oscillations (such as reflections and rotations) before being released, meaning that their average propagation speed through these oscillations is slower [6]. This concept of "slow light" has led to the exploration of miniature optical delay lines and buffers, resulting in several design structures that employ coupled ring resonators and photonic crystal waveguides. However, the actual performance of these structures often fails to meet the anticipated expectations [7].
With the introduction of Surface Nanoscale Axial Photonics (SNAP), also known as shallow optical bottle microresonators, these devices perfectly align with the requirements discussed above, making them a hotspot and challenge in optical research in recent years [7]. In the research of SNAP optical devices, an optical vector network analyser is commonly used to acquire the spectral information of the devices. The optical vector network analyser can be connected at the position indicated by the arrow in Figure 1 to detect the state of light before and after passing through the SNAP device [8]. 
[image: ]
[bookmark: _Toc175721736][bookmark: _Toc175721939][bookmark: _Toc175728854]Figure 1 The Structure of SNAP (1)
Due to the principal limitations of the optical vector network analyser, the light information obtained is the average of two polarization states. However, researchers often use the information from a single polarization state in experiments, necessitating the discrimination and processing of light within the analyser [2].
In Figure 2 at the position indicated by the arrow, two methods can typically be employed. The first method involves installing a resonance controller at the indicated arrow position to physically extract and separate the polarization states of light [9]. This approach can make subsequent data processing and result analysis very cumbersome. When performing mode-field analysis on SNAP, it is often necessary to continuously take different axial distances [10]; each re-sampling causes changes in the position and parameters of the polarization controller, making actual reading and setting very difficult. 
[image: ]
[bookmark: _Toc175721737][bookmark: _Toc175721940][bookmark: _Toc175728855]Figure 2 The Structure of SNAP (2)
The second method can be implemented through the application of algorithms in programming languages. By treating the light input and output at the arrow position in Figure 2 as passive, the input and output polarization states can be mathematically represented by a unitary matrix. This aligns with the concept of singular value decomposition in mathematics [11]. This report intends to use a general programming language to establish a singular value decomposition model to accomplish the extraction of information from a single polarization state.

1.2 [bookmark: _Toc170223001][bookmark: _Toc174461960][bookmark: _Toc175722650][bookmark: _Toc175723055][bookmark: _Toc175728686] Research problem statement
In the research of Surface Nanoscale Axial Photonics devices, due to the limitations of the principles of vector network analysers, the information obtained by researchers is often an average of two orthogonal polarization states. However, in actual scientific research, researchers tend to focus more on studying individual orthogonal polarization states. This necessitates the decomposition and extraction of light with mixed polarization states.
To obtain accurate information on surface nanoscale axial photonics devices with single polarization, it is necessary to analyse the data from the analyser, identify characteristic patterns, and use algorithms or programs to extract the correct signals. This involves selecting an appropriate programming language to build models and automatically segmenting information for single polarization states, thereby reducing the difficulty of data reading and simplifying the data analysis process.
To ensure the feasibility of the project, clear aims and specific objectives are essential. The overall aim will be achieved through the objectives that are established for completion [12]. The background study conducted previously provides a solid foundation for forming these research objectives.
   
1.3 [bookmark: _Toc202288058][bookmark: _Ref202288793][bookmark: _Toc266447525][bookmark: _Toc170223002][bookmark: _Toc174461961][bookmark: _Toc175722651][bookmark: _Toc175723056][bookmark: _Toc175728687]Aim
The research aim of this project is to address the limitations of the analyser in handling polarization states by using appropriate algorithms and establishing models to accurately identify characteristic patterns and extract the correct signals of a single polarization state, which enhances the data analysis process and simplify the complexity of data processing.

1.4 [bookmark: _Toc266447526][bookmark: _Toc170223003][bookmark: _Toc174461962][bookmark: _Toc175722652][bookmark: _Toc175723057][bookmark: _Toc175728688]Objectives
1.Design and implement a singular value decomposition model based on existing algorithms to precisely analyse and process data obtained from an optical vector network analyser [13].
2.Use improved algorithms to extract single polarization state optical signals to enhance the precision and efficiency of data processing and optimize the data analysis workflow, making the process from raw data to result output quicker and more accurate.
3.Utilize programming languages to implement automatic recognition and segmentation of the insertion loss plots output by the optical vector network analyser, simplifying manual operations and reducing human errors [14]. Implement improvements in the image output functionality for automated analysis and processing.
4. By processing and analysing experimental data, verify the effectiveness and practicality of the program, and compare the algorithm results with other programming languages to assess its level of improvement and practical application value.
1.5 [bookmark: _Toc202288059][bookmark: _Toc266447527][bookmark: _Toc170223004][bookmark: _Toc174461963][bookmark: _Toc175722653][bookmark: _Toc175723058][bookmark: _Toc175728689]Structure Of The Project
The content of this report is mainly divided into four parts. First, it provides a brief introduction to the current state of research on SNAP devices, establishing the literature foundation for this project and discussing the existing research gaps, which leads to the design approach of this report. The second part introduces the basic concepts and principles related to the research content, and models the existing problems to select appropriate algorithms and programming languages. The third part outlines the implementation process and functionality of the code, and explains the design concept of the automatic segmentation feature. Finally, the fourth part presents detailed results of the code, discussing the accuracy through graphs and curves, and provides final conclusions and potential directions for future work or development.

Chapter 1 briefly discusses the limitations of existing methods, analyses and selects the background and current state of the algorithms used for information extraction and processing, and determines the general research approach and direction.

Chapter 2 introduces relevant basic concepts, such as surface nanoscale axial photonics, polarization concepts, the principles of optical vector network analysers, and an introduction to the Jones matrix, laying the groundwork for the subsequent algorithm introduction.

Chapter 3 provides a detailed explanation of the LM algorithm and the concept and application of singular value decomposition (SVD). It compares the LM algorithm with other algorithms, demonstrating its superiority and explaining the reasons for its selection. The mathematical definition of SVD is connected with the content of Chapter 2 to establish the physical model of this report.

Chapter 4 presents the implementation process of the algorithm in detail. It describes the Python programming environment and explains how the nonlinear least squares optimization, specifically the Levenberg-Marquardt (LM) algorithm, is implemented through programming. The concept of SVD is also reflected in the code, and a detailed analysis of the code's meaning is provided.
Chapter 5 analyses the performance of the code by comparing it with existing data to determine whether the LM algorithm-based SVD program aligns with real-world conditions and whether it has a good decomposition effect. It also compares and visualizes the numerical results before and after applying the algorithm to verify its feasibility. Additionally, this chapter introduces innovative features of the design, such as the separation of modes in multiple fibre segments and the visual comparison of experimental results.

Chapter 6 summarizes the completed work of this design, describes the aspects that have not been achieved, proposes suggestions for future improvements, and lists relevant precautions.

[bookmark: _Toc266447540][bookmark: _Toc170223005][bookmark: _Toc121041584][bookmark: _Toc202288061][bookmark: _Toc266447528][bookmark: _Toc174461964][bookmark: _Toc175722654][bookmark: _Toc175723059][bookmark: _Toc175728690]
Chapter 2 - RESEARCH & REVIEW OF LITERATURE
[bookmark: _Toc266710277][bookmark: _Toc266711030][bookmark: _Toc271283211][bookmark: _Toc340606375][bookmark: _Toc340611902][bookmark: _Toc340612072][bookmark: _Toc340613999][bookmark: _Toc341173665][bookmark: _Toc341173843][bookmark: _Toc341174523][bookmark: _Toc345410421][bookmark: _Toc345410752][bookmark: _Toc345412857][bookmark: _Toc371251349][bookmark: _Toc371251398][bookmark: _Toc371255378][bookmark: _Toc371255533][bookmark: _Toc170223006][bookmark: _Toc202288068][bookmark: _Toc266447541]
2.1 [bookmark: _Toc170223007][bookmark: _Toc174461965][bookmark: _Toc175722655][bookmark: _Toc175723060][bookmark: _Toc175728691] Introduction
In this section, the current state of research on the problem will be introduced from three aspects: the current research status of SNAP structure microcavities, the application status of optical vector network analysers, and the current research status of polarization state extraction. By comparing existing research with the design ideas in this proposal, the feasibility of the proposal will be validated.

2.2 [bookmark: _Toc174461966][bookmark: _Toc175722656][bookmark: _Toc175723061][bookmark: _Toc175728692]Fiber Snap DEvices
The SNAP structure utilizes the surface of optical fibres to construct microcavities and controls the transmission of light within the microcavity through nanoscale changes in the fibre radius. It has already been successfully applied in the fabrication of optical delay devices [15]. Unlike conventional planar microcavity structures that require an increase in microcavity size to reduce loss, the SNAP structure uses a three-dimensional echo-wall cavity, known as a "micro-bottle cavity" [16]. In the SNAP structure, the axial dimensions of the fibre are effectively utilized, thus allowing the preparation of low-loss coupled microcavities without increasing the fibre diameter, which helps to enhance device integration.
The SNAP structure was first proposed by Professor Misha Sumetsky from Aston University, UK, in 2011 [17]. In his report, Professor Sumetsky drew an analogy with concepts from quantum mechanics, describing the transmission and control of light in the SNAP structure using the one-dimensional Schrödinger equation and highlighted the potential applications of this structure in photonic integration. In 2012, Professor Sumetsky further refined the theory of the SNAP structure and compared the theoretical results with experimental outcomes, achieving high consistency between them [18].
Regarding the fabrication of the SNAP structure, CO2 laser annealing and UV laser irradiation were the first two processing methods proposed and achieved a fabrication precision of up to 2 angstroms (Å) in the initial reports [19]. However, UV laser processing was less frequently mentioned in subsequent reports due to the limited photosensitivity of the fibres. Currently, the SNAP structure is primarily prepared using CO2 laser, with its fabrication process continually optimized to a current precision of 0.17 Å [20]. Using CO2 laser annealing, Professor Sumetsky introduced a quadratic effective radius change on the fibre surface, achieving an ultra-high delay (2.58 ns), low loss (0.44 dB/ns), and low dispersion optical delay device [21].
For practical applications, tunable devices offer higher flexibility, thus representing an important research direction for the SNAP structure. The main proposed tuning methods are based on thermal effects (CO2 laser irradiation) and mechanical effects (piezoelectric ceramic squeezing), with the former having experimental reports [22] and the latter limited to theoretical studies [23]. Based on the proposed tunable SNAP structure, Professor Misha Sumetsky theoretically introduced dynamic optical buffering technology in 2015 [24]. As shown in Figure 3, by introducing changes in the effective radius of the fibre through nonlinear or mechanical effects, the switching process of SNAP microcavities can be achieved, allowing for the "storage" and "release" of light pulses to achieve the effect of an optical buffer [25].
[image: ]
[bookmark: _Toc175721738][bookmark: _Toc175721941][bookmark: _Toc175728856]Figure 3 Schematic Diagram of the Principle of Optical Buffering Using a SNAP Structure
SNAP devices play an important role in ultra-precision sensing and quantum networks. However, the intrinsic mode fields of microresonators are typically unevenly distributed along the axial direction, which can affect the accuracy of micro/nano particle sensing. To improve sensing accuracy, Sumetsky proposed the need to design microresonators with a uniform axial field distribution [26]. As shown in Figure 4, he presented a new type of shallow-bottle microresonator, whose effective radius variation resembles the contour of a bat, and demonstrated that by appropriately adjusting the shape of this microresonator, its axial size can be reduced without altering the uniformity of its intrinsic modes. Through analytical methods and numerical simulations, the study explored how to design such bottle-shaped microresonators with uniform field distributions [27]. The results indicate that when the intrinsic modes of the resonator are uniformly distributed along the axial direction, the sensitivity of micro/nano particle sensors can be significantly improved, and this design also has potential applications in assembling quantum emitters.
[image: ]
[bookmark: _Toc175721739][bookmark: _Toc175721942][bookmark: _Toc175728857]Figure 4 The Mode Field Axial Distribution of SNAP Devices Resembles the Contour of a Bat.
In addition to applications in optical signal processing, SNAP structures can also be applied in microfluidics, optical tweezers, optical frequency combs, and more [28]. Research in these fields is just beginning, currently focusing on the proposal of theoretical schemes, with much room for further exploration and verification in experimental applications.

2.3 [bookmark: _Toc174461967][bookmark: _Toc175722657][bookmark: _Toc175723062][bookmark: _Toc175728693]Research Status of Vector Network Analyser
The vector network analyser is an instrument that measures the network characteristics of the device by measuring the amplitude and phase response of each port of the network to frequency and power sweep test signals [29]. It combines various technologies such as spectrum analysis, signal generation and signal separation. It is a radio frequency microwave It is a necessary test and measurement instrument in many fields and is the basic form of special instruments for many industries.
The vector network analyser product can measure the parameters of multi-port vectors and perform system error calibration at various levels. It is a highly integrated radio frequency microwave instrument and is used in basic industries and fields such as chip testing, microwave devices, materials science, and electronic communications [30].
Currently the most widely used is LUNA's optical vector analyser OVA 5000. It is the fastest, most accurate and lowest-cost instrument for measuring loss, dispersion and polarization-related parameters in modern optical network equipment. It is the only instrument in the industry that can measure loss, dispersion and polarization-related parameters in a single scan. Equipment that can obtain all parameters of optical devices. The test of passive components can be completed within 3 seconds. The complete polarization response can measure such as dispersion (CD), polarization-dependent loss (PDL), polarization mode dispersion (PMD), insertion loss (IL), and group delay (GD) [31], optical time domain response and other parameters; it has great theoretical research significance in analysing photonic integrated devices and microwave photonic devices, characterizing and measuring optical fibre devices, measuring spectral response and time delay response, improving device simulation and transfer function models, etc.
[image: ]
[bookmark: _Toc175721740][bookmark: _Toc175721943][bookmark: _Toc175728858]Figure 5 Vector Network Analyser Structure Diagram
The structure of the optical vector network analyser is shown in Figure 4, which employs a tunable laser source (TLS) combined with a series Mach-Zehnder interferometer, two polarization controllers, a polarization beam splitter, and three photodiodes marked as "S," "P," and "A." The TLS used can operate on the C and L communication bands with a specified linewidth of 200 KHz, without mode-hopping. The laser tuning is set at 70 nm/s. The diagram does not show a wavelength reference (HCN gas cell) and auxiliary interferometer [32]. A wavelength reference calibrated by NIST is used to adjust the wavelength error of the starting wavelength for the measurement scan. The auxiliary interferometer serves as a trigger, sampling the input data at equidistant frequency increments, which helps to correct linear deviations during the laser tuning process.
In some literature, researchers have implemented the functionality of a vector analyser through software development. A team from China used the software development platform LabWindows/CVI to implement multi-channel testing. They not only completed the normal testing of the DUT (Device Under Test) but also verified the consistency of the test results, making the outcomes more reliable [33]. Aleksandr A. Savin implemented verification methods for calibrating vector network analysers [34], which are based on special measurement techniques and models that simulate residual errors. He also developed software to implement these methods. 
These studies have developed a relatively complete knowledge system for the functional emulation of vector network analysers. However, they have not taken into account the flaws of the analysers, leading to the risk of them being unusable in special circumstances.

2.4 [bookmark: _Toc166251201][bookmark: _Toc174461968][bookmark: _Toc175722658][bookmark: _Toc175723063][bookmark: _Toc175728694]Current Status of Polarization Decomposition Research
Most current research on polarization decomposition involves physical improvements. 
Tao Zhang and colleagues proposed a new design for a metasurface that decomposes linear to dual circular polarization. This design can disperse the two orthogonal circular polarization components of a plane linearly polarized incident wave into different directions in free space, allowing the two circularly polarized waves to be separately decomposed and scattered at ±30° [35]. Some literature presents a new method for determining the valid order of singular value decomposition, applying SVD denoising algorithm to polarization mode dispersion measurement [36]. Experimental results show that the measurement accuracy was improved obviously. Roberto de Franco and Gemma Musacchio present a SVD based algorithm for polarization filtering based on the assumption that the particle motion trajectory is essentially 2-D (elliptical polarization). The efficiency of the filter is tested on synthetic traces and on real data, and found to be superior to solely covariance‐based filter algorithms [37].

2.5 [bookmark: _Toc174461969][bookmark: _Toc175722659][bookmark: _Toc175723064][bookmark: _Toc175728695] Conclusion
In the detailed review of the above three sections, the potential applications of polarization decomposition in fields such as optical buffering, microfluidics, and optical frequency combs are quite evident. The aforementioned content discusses various methods implemented through different technologies to precisely control the transmission of light. Although these studies provide valuable theoretical and experimental bases, they also reveal that there are still technical challenges in accurately extracting and analysing polarization information. Therefore, this proposal aims to enhance the performance and efficiency of the SNAP microcavity system in practical applications, particularly in precisely controlling and utilizing the polarization characteristics of light, by further optimizing the data processing methods of the optical vector network analyser [38]. By integrating advanced algorithms and refined data analysis, this study will explore how to overcome existing limitations through software-level improvements without changing the physical hardware, and enhance the overall performance of the system
[bookmark: _Toc170223014][bookmark: _Toc174461970][bookmark: _Toc175722660][bookmark: _Toc175723065][bookmark: _Toc175728696]
Chapter 3 - RESEARCH METHODOLOGY
[bookmark: _Toc266710265][bookmark: _Toc266711018][bookmark: _Toc271283199][bookmark: _Toc340606384][bookmark: _Toc340611911][bookmark: _Toc340612081][bookmark: _Toc340614008][bookmark: _Toc341173674][bookmark: _Toc341173852][bookmark: _Toc341174532][bookmark: _Toc345410430][bookmark: _Toc345410761][bookmark: _Toc345412866][bookmark: _Toc371251358][bookmark: _Toc371251407][bookmark: _Toc371255387][bookmark: _Toc371255542][bookmark: _Toc170223015][bookmark: _Toc340606385][bookmark: _Toc340611912][bookmark: _Toc340612082][bookmark: _Toc340614009][bookmark: _Toc341173675][bookmark: _Toc341173853][bookmark: _Toc341174533][bookmark: _Toc345410431][bookmark: _Toc345410762][bookmark: _Toc345412867][bookmark: _Toc371251359][bookmark: _Toc371251408][bookmark: _Toc371255388][bookmark: _Toc371255543][bookmark: _Toc170223016][bookmark: _Toc266447529]
3.1 [bookmark: _Toc170223017][bookmark: _Toc174461971][bookmark: _Toc175722661][bookmark: _Toc175723066][bookmark: _Toc175728697]Introduction
Determining the appropriate approaches and procedures to gain sufficient results is a vital issue that is faced by the majority of researchers. Each type of research can have several methodologies that can be applied. Yet, one approach might lead to concluding more effective outcomes. Thus, designing the research and applying appropriate methods and techniques are the key aim of this experiment [39].
This chapter provides a comprehensive overview of the research design, philosophy, methodologies, and methods employed for data collection in the study of polarization state extraction and modelling in optical vector network analyzer. The primary goal of this chapter is to align the research design with the specific objectives of the study, ensuring that the methods chosen are appropriate for addressing the research questions [40]. This chapter outlines the philosophical underpinnings, research approaches, strategies, and procedures that guided the investigation, demonstrating the coherence between the methodology and the study’s aims.
In this research, the design evolved as new insights were gained, reflecting the dynamic nature of the investigative process. The methodology was tailored to capture the intricate details of data discrimination and extraction within OVNAs, ensuring that the findings would be both reliable and applicable to the broader context of optical network analysis. This chapter will discuss the research onion framework [41], providing a structured approach to understanding how each layer of the research process contributes to the overall study.

3.2 [bookmark: _Toc266447530][bookmark: _Toc170223018][bookmark: _Toc174461972][bookmark: _Toc175722662][bookmark: _Toc175723067][bookmark: _Toc175728698] Research Overview
This section aims to present a comprehensive view of the entire research process employed to achieve the objectives outlined in the previous sections. Utilizing Saunders et al. research onion framework as a foundation [42], this section offers an in-depth discussion of the chosen methods and the rationale behind these choices. The research onion theory enables a structured approach to dissecting and understanding the complexities of the research process, ensuring that each layer—from philosophy to data collection—aligns with the overall research objectives.
The methodology outlined here is specifically designed to address the challenges of data discrimination and extraction in Optical Vector Network Analysers. The following sections detail the action plan guiding the research from its inception through to completion, providing initial questions and hypotheses that shaped the investigation. This framework offers clarity in the methodological approach and ensures that the research adheres to rigorous academic standards.
Figure 5 below illustrates the layered structure of the research onion, encapsulating the various phases—Research Philosophies, Approaches, Strategies, Choices, Time Horizons, Techniques and Procedures. This top-down view helps elucidate how each phase contributes to a deeper understanding of the research design, enabling a coherent and logical flow of the investigative process [38].

[bookmark: _Toc175721741][bookmark: _Toc175721944][bookmark: _Toc175728859]Figure 6 The Research Onion Model by Saunders

3.2.1 [bookmark: _Toc174461973][bookmark: _Toc175722663][bookmark: _Toc175723068][bookmark: _Toc175728699]Research Process
In this report, the research process is meticulously structured following the layers of the research onion theory to ensure a methodologically sound approach to investigating the discrimination and extraction of information in Optical Vector Network Analysers. As shown in Figure 6, the research philosophy adopted is Positivism, which emphasizes an objective reality that can be measured and analysed independently of the researcher. Consequently, the research follows a Deductive approach, where hypotheses are derived from existing theories and then tested through empirical investigation.
The research strategy employed is Experimental, which is particularly well-suited to the technical and scientific nature of the study, allowing for controlled testing and analysis of polarized light information. A Mono Method Research choice is made, focusing on the collection and analysis of numerical data to ensure precision and objectivity. The research is designed to be Cross-sectional, capturing data at a specific point in time to provide a snapshot of the phenomena under investigation. Finally, Techniques and Procedures such as data collection and analysis are carefully selected and implemented to extract relevant information from the original light information, ensuring that the research objectives are met efficiently and effectively [42].
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[bookmark: _Toc175721742][bookmark: _Toc175721945][bookmark: _Toc175728860]Figure 7 The Structure of Research Process

3.2.2 [bookmark: _Toc266447532][bookmark: _Toc170223020][bookmark: _Toc174461974][bookmark: _Toc175722664][bookmark: _Toc175723069][bookmark: _Toc175728700]Research Philosophy
The research philosophy is a critical element that underpins the entire research process, shaping the way knowledge is understood and approached. In this study, Positivism is the chosen philosophical stance. Positivism asserts that reality is external and objective, existing independently of human thoughts and beliefs [43]. It emphasizes the importance of observable and measurable phenomena, advocating for the use of scientific methods to uncover truths about the world.
Within the context of the study on the polarization state extraction and modelling in OVNA, Positivism is particularly appropriate as the research aims to objectively discriminate and extract data based on empirical evidence. The OVNA operates on principles grounded in physics and engineering, fields where the positivist philosophy is traditionally strong. The reliance on quantifiable data from OVNA aligns with Positivism, ensuring that the study is based on observable, measurable, and replicable results.
[bookmark: _Toc266447533]This philosophical stance directs the study towards a structured, scientific approach, where hypotheses are formulated based on existing theories and then tested through rigorous experimental methods. By adhering to Positivism, the research maintains objectivity and seeks to contribute to the existing body of knowledge through verifiable and generalizable findings, ensuring that the conclusions drawn from the analysis of polarized data are robust and reliable.

3.2.3 [bookmark: _Toc170223021][bookmark: _Toc174461975][bookmark: _Toc175722665][bookmark: _Toc175723070][bookmark: _Toc175728701]Research Methodologies
Quantitative approach reflects the need for a systematic and objective analysis of data related to OVNA. Quantitative research focuses on the collection and analysis of numerical data [44], allowing for the identification of patterns, relationships, and statistical significance within the dataset.
This approach is well-suited for the study of OVNA, where the objective is to discriminate and extract specific information from complex data sets generated by these instruments. The Quantitative methodology enables the use of mathematical models, statistical tools, and computational techniques to analyse the data, ensuring that the findings are precise, replicable, and free from subjective bias.
By leveraging a Quantitative approach, the research systematically investigates the measurable aspects of model performance [45]. This methodology not only allows for the testing of hypotheses derived from theoretical frameworks but also supports the generation of new insights into the optimization and enhancement of code operations, ultimately contributing to the advancement of knowledge in the field of optical network analysis.

[bookmark: _Toc170223023][bookmark: _Toc174461976][bookmark: _Toc175722666][bookmark: _Toc175723071][bookmark: _Toc175728702]3.2.4	Approach
In this research, a Deductive approach is employed, which involves developing a hypothesis based on existing theories and then designing a research strategy to test this hypothesis through empirical observation and analysis. The deductive approach is often described as a "top-down" method because it begins with a broad theory or generalization and moves towards specific conclusions.
In the context of the study on the discrimination and extraction of information in OVNA, it models the input, output parameters and the environment [46], the deductive approach is particularly fitting. The research is grounded in well-established principles of physics and engineering that govern the operation of OVNA. By applying these theoretical frameworks, the study formulates specific hypotheses about how certain principles of the OVNA influence the quality and accuracy of the polarized state extraction process. 
The deductive approach is chosen for this study because it allows for a structured and systematic investigation where hypotheses can be rigorously tested under controlled conditions. This approach ensures that the research findings are logically derived from established theories, providing strong validation for any conclusions drawn.

[bookmark: _Toc170223024][bookmark: _Toc174461977][bookmark: _Toc175722667][bookmark: _Toc175723072][bookmark: _Toc175728703]3.2.5	Strategies
To achieve the overall objectives of the research, an Experimental strategy is adopted. An experimental strategy is characterized by the controlled manipulation of variables to determine cause-and-effect relationships, making it a powerful method for testing hypotheses and validating theories within a structured environment [47].
In the context of the study on the discrimination and extraction of information in OVNA, the experimental strategy is particularly well-suited. This research involves rigorous testing of OVNA data to analyse signal processing and identify patterns in information extraction. By employing an experimental approach, the study is able to systematically manipulate and control various parameters within the OVNA setup, ensuring that the effects of these manipulations on data integrity and signal discrimination are accurately measured.
The choice of an experimental strategy is driven by the need for precision and control, which are critical in a technical study involving complex instrumentation like OVNAs. By isolating specific variables and observing their impact on the outcomes, the research can draw clear, empirically-supported conclusions about the optimal conditions for data extraction and the reliability of different analytical methods. This strategy not only enhances the validity of the findings but also contributes to the development of more effective techniques for optical network analysis, providing valuable insights for both theoretical advancement and practical applications in the field.

[bookmark: _Toc170223025][bookmark: _Toc174461978][bookmark: _Toc175722668][bookmark: _Toc175723073][bookmark: _Toc175728704]3.2.6 Choices
In this research, a Mono Method approach is employed, which involves the use of a single research method to gather and analyse data. This approach is particularly suitable for studies that require a focused and consistent methodology, ensuring that the research process remains straightforward and coherent [48].
For the investigation into the discrimination and extraction of information in OVNA, the Mono Method was chosen to maintain a clear and undivided focus on quantitative analysis. Given that the research deals with measurable data derived from the technical operation of OVNA, a Mono Method approach ensures that the data collection and analysis are conducted in a systematic, uniform manner. This reduces the complexity that might arise from integrating multiple methods and allows for a more controlled and precise examination of the data.

[bookmark: _Toc170223026][bookmark: _Toc174461979][bookmark: _Toc175722669][bookmark: _Toc175723074][bookmark: _Toc175728705]3.2.7	Time Horizons
A cross-sectional approach involves collecting data at a single point in time or over a short period. This method is particularly useful when the objective is to analyse and interpret the data at a specific moment, rather than tracking changes over time. A cross-sectional approach is usually inexpensive and easy to conduct. It is useful for establishing preliminary evidence in planning a future advanced study [49]. The study focuses on simulating the performance and data extraction capabilities of OVNA under specific conditions, which requires capturing and analysing data at a defined point in time. This allows for a clear snapshot of how different variables and parameters influence the OVNA's effectiveness in processing and extracting information.
The choice of a cross-sectional time horizon aligns with the study's aim to provide a detailed analysis based on current technologies and methodologies. It ensures that the findings are relevant to the specific context in which the research is conducted, offering practical insights that can be applied to enhance the current practices in optical network analysis. This approach also facilitates the efficient use of resources, as it allows the study to focus intensively on a particular set of conditions without the need for prolonged observation or data collection.

[bookmark: _Toc170223027][bookmark: _Toc174461980][bookmark: _Toc175722670][bookmark: _Toc175723075][bookmark: _Toc175728706]3.2.8	Techniques and Procedures
In this research, the techniques and procedures for data collection and analysis are carefully chosen to ensure the accuracy and reliability of the findings, while also addressing ethical considerations regarding data handling.
The primary tool for data collection in this study is the Jones Matrix, a mathematical representation used to describe the polarization state of light in OVNA. The Jones Matrix is crucial for capturing and characterizing the optical signals processed by the OVNA, providing a detailed and precise depiction of the light's behaviours and interactions within the system. By employing the Jones Matrix, the research effectively gathers the necessary data to evaluate the performance and information extraction capabilities of the OVNA under various conditions.
For data analysis, the study utilizes Singular Value Decomposition (SVD), a robust mathematical technique that allows for the decomposition of complex data matrices into simpler components. SVD is particularly effective in identifying key patterns and reducing noise in the collected data, making it an ideal tool for extracting meaningful insights from the optical signals represented by the Jones Matrix.
Additionally, the analysis is conducted within a Python programming environment, which offers a flexible and powerful platform for implementing SVD and other analytical techniques. Python's extensive libraries and tools for numerical computation and data visualization facilitate a thorough examination of the OVNA data, enabling the researcher to test hypotheses and draw conclusions with high precision.
Throughout the data collection and analysis processes, ethical issues are given paramount importance. The study ensures that all data is handled securely, with measures in place to protect its integrity and confidentiality [50]. No personal or sensitive information is involved in this research, as the data pertains solely to the technical performance of the OVNA system. However, all collected data is stored in encrypted formats, and access is restricted to authorized personnel only. The research adheres to best practices for data management and complies with relevant ethical guidelines, ensuring that the entire research process is conducted in a responsible and ethical manner.
By employing these techniques and procedures, the study not only achieves its objectives with accuracy and reliability but also maintains the highest standards of data security and ethical responsibility.

3.3 [bookmark: _Toc266447539][bookmark: _Toc170223028][bookmark: _Toc174461981][bookmark: _Toc175722671][bookmark: _Toc175723076][bookmark: _Toc175728707]Conclusion
This chapter detailed the research methodology used to investigate the Polarization State Extraction and Modelling in Optical Vector Network Analyzer. A Positivist philosophy and Deductive approach were adopted, ensuring that the study remained grounded in objective, empirical analysis. An Experimental strategy guided the controlled testing of variables, with a Mono Method focusing exclusively on Quantitative Research to maintain consistency. The data collection utilized the Jones Matrix, while Singular Value Decomposition and the Python programming environment were employed for data analysis. Ethical considerations were rigorously upheld throughout the research, ensuring data security and integrity. This carefully structured methodology provided a solid foundation for achieving the research objectives and contributing valuable insights to the field of optical network analysis.

[bookmark: _Toc341174544][bookmark: _Toc170223029][bookmark: _Toc121041633][bookmark: _Toc202288167][bookmark: _Toc266447548][bookmark: _Toc174461982][bookmark: _Toc175722672][bookmark: _Toc175723077][bookmark: _Toc175728708]
Chapter 4 - DESIGN & IMPLEMENTATION

4.1 [bookmark: _Toc341174545][bookmark: _Toc170223030][bookmark: _Toc174461983][bookmark: _Toc175722673][bookmark: _Toc175723078][bookmark: _Toc175728709]Introduction
This chapter focuses on the design and implementation of the methods and tools used to address the challenges of polarization state extraction and modelling in OVNA. The goal is to develop an effective approach that accurately processes and interprets the optical data captured by OVNA, thereby enhancing the precision and reliability of information extraction.
The chapter begins by formulating the problem, outlining the specific issues faced in analysing optical signals and the strategies developed to address these challenges. This is followed by a detailed design section, where the layout of the tools, equations, and software used in the process is discussed, along with the rationale behind these choices based on insights from the literature review. Finally, the implementation section will provide a step-by-step guide on how the design was executed, ensuring that the solution is both practical and replicable. This chapter lays the groundwork for the successful resolution of the research problem by providing a clear and systematic approach to the design and implementation process.

4.2 [bookmark: _Toc170223031][bookmark: _Toc174461984][bookmark: _Toc175722674][bookmark: _Toc175723079][bookmark: _Toc175728710]problem formulation
The main challenge of this study is to accurately identify and extract single-polarization optical information from the optical signals processed by the Optical Vector Network Analyzer through mathematical modelling and algorithm application, and to visualize the extracted results and optimize their functionality. OVNA are critical in characterizing complex optical networks, but due to the functional limitations of the optical vector network analyser, they face difficulties in handling high-dimensional data, light information, and signal interference, which can compromise the accuracy of the information extracted [2].
To solve this problem, the research proposes a method that utilizes the Jones Matrix for light-information representation and employs Singular Value Decomposition (SVD) for data analysis. These tools are chosen for their ability to simplify the data structure and enhance the accuracy of the extracted information, making the OVNA analysis more effective. The following flowchart (Figure 7) outlines the overall approach to solving the problem.
[image: ]
[bookmark: _Toc175721743][bookmark: _Toc175721946][bookmark: _Toc175728861]Figure 8 The Structure of Research Process
The method involves simulating an experimental environment in which the original optical signal is input into the OVNA. The optical information is then mathematically represented using the Jones matrix. This is followed by modelling with the concept of singular value decomposition, where the processing logic of the OVNA is expressed in the form of a mathematical model. The LM algorithm is then employed to minimize and obtain the single-polarization state information. Finally, the results are analysed through visualization. The entire process will be conducted in the Python programming environment, which offers powerful numerical computation and data visualization tools. 


4.3 [bookmark: _Toc170223032][bookmark: _Toc174461985][bookmark: _Toc175722675][bookmark: _Toc175723080][bookmark: _Toc175728711]Design
4.3.1 [bookmark: _Toc175722676][bookmark: _Toc175723081][bookmark: _Toc175728712]INTRODUCTION
This section outlines the detailed design process, including the selection and configuration of tools, hardware, and software, to ensure effective data processing and analysis.
The design is based on the insights gained from the literature review, which highlighted the importance of accurate data representation and processing in optical network analysis. By leveraging the Jones Matrix for data representation and Singular Value Decomposition for data analysis, followed by the application of the Levenberg-Marquardt (LM) algorithm for minimization, the design aims to simplify and enhance the interpretability of optical data.

4.3.2 [bookmark: _Toc175722677][bookmark: _Toc175723082][bookmark: _Toc175728713]Polarization and Related Concepts
Polarization is a property of transverse waves that allows them to oscillate in different directions [51]. For example, electromagnetic waves and gravitational waves can exhibit polarization. Longitudinal waves, such as sound waves propagating through gases or liquids, do not possess polarization because they only oscillate in the direction of propagation. Light waves, being electromagnetic waves, do exhibit polarization.
Many common optical materials are isotropic, such as glass. These materials maintain the polarization state of the wave and do not exhibit different physical properties based on the polarization state. However, some important birefringent or optically active materials are anisotropic. In these materials, the propagation of the wave depends on the polarization direction, meaning that the wave's behavior changes with its polarization direction [52]. As shown in Figure 8, a polarizer is an optical filter that only allows light waves polarized in a specific direction to pass through, thereby converting unpolarized light into polarized light.
[image: ]
[bookmark: _Toc175721744][bookmark: _Toc175721947][bookmark: _Toc175728862]Figure 9 Formation of Polarized Light
In this design, due to the inherent limitations of the vector analyzer, the obtained optical information is often an average of two orthogonal polarization states. However, in actual research work, researchers are typically more focused on studying individual orthogonal polarization states. The following sections will address how to resolve this issue.

4.3.3 [bookmark: _Toc175722678][bookmark: _Toc175723083][bookmark: _Toc175728714]Jones Matrix and Its Applications
The polarization concepts introduced above may seem somewhat abstract, but in optics, the specific polarization states can be described using the Jones matrix.
Jones matrix is used to describe specific polarization conditions. The Jones calculus was invented by Professor R.C. Jones of the Massachusetts Institute of Technology [53]. It uses Jones vectors to represent polarized light states and Jones matrices to represent other linear optical elements. By multiplying the original polarization state Jones vector with the optical element Jones matrix, the changed polarization state can be calculated. It is worth mentioning that Jones matrix calculations can only be used for fully polarized light. For partially polarized, unpolarized, or differently tuned light, Mueller calculus is required [54].
As table 1 shown, the information stored in polarization states is typically represented in the form of Jones matrices. At the same time, the elements of these matrices have real and imaginary parts, which record the amplitude and phase data of various polarization states from different orientations. Simply performing matrix multiplication on the Jones vectors can be understood as processing and operating on polarization states [55]. All subsequent algorithm design, program implementation, and result output in this document are intended to be based on matrix operations.
[bookmark: _Toc175722482][bookmark: _Toc175728891]Table 1 Common polarization Jones vectors
	Polarization
	
	Jones Vector

	parallel to the x-axis
	
	


	parallel to the y-axis
	
	


	at 45° to the x-axis
	
	


	at -45° to the x-axis
	
	


	an angle θ to the x-axis
	
	


	Right-hand circular polarization
	
	


	Left-hand circular polarization
	
	



From the above definition of the Jones vector, it can be seen that polarization states in optics can be represented, calculated, and analysed using Jones vectors, which form the basis for our subsequent algorithm design. In this design, the initial polarization state will be handled in the form of a 2x2 matrix [53], which contains all the information about the polarized light.

4.3.4 [bookmark: _Toc175722679][bookmark: _Toc175723084][bookmark: _Toc175728715]Singular Value Decomposition
Singular Value Decomposition is a practical and important method in linear algebra that reveals the fundamental nature of matrix transformations. By decomposing a matrix using SVD, the elements obtained represent the most essential changes in the matrix [56].
Suppose M is an 𝑚×𝑛 matrix, where all elements belong to the field 𝐾, either the real or complex number domain. Then, there exists a decomposition [57]:






Where 𝑈 is an 𝑚×𝑚 unitary matrix, Σ is an 𝑚×𝑛 diagonal matrix of non-negative real numbers (In a diagonal matrix, all elements are zero except for those on the main diagonal); and  (the conjugate transpose of ), is an 𝑛×𝑛 unitary matrix. Such a decomposition is known as the Singular Value Decomposition of . The elements on the diagonal of Σ are the singular values of .
The manipulation of polarization states can be understood according to the model shown in Figure 9:
[image: 绘图1]
[bookmark: _Toc175721745][bookmark: _Toc175721948][bookmark: _Toc175728863]Figure 10 The Application of SVD in Math Modelling
When light is emitted from a light transmitter, it can be represented by the matrix X as its initial condition. Upon entering the optical fibre and the optical vector network analyser, the changes in its polarization state can be represented by the 2D matrix U; next it enters the optical vector network analyser where the polarization decomposition operation can be equivalently replaced by the matrix A; after passing through a second optical fibre and reaching the optical receiver, this process can be represented by the matrix V [53]. Therefore, the entire decomposition process of the light can be described by the following matrix operation:


It can be seen that the latter formula is identical in form to the former one, from which it can be concluded that the entire process of the light's polarization state passing through the optical vector network analyser is equivalent to the principal process of SVD.
Singular Value Decomposition, as a powerful linear algebra tool, plays a crucial role in the identification and extraction of information in the OVNA. By decomposing the original data matrix into multiple submatrices, SVD effectively reduces data complexity, making noise filtering and the extraction of key information more efficient and precise. In this report, SVD not only provides a method for handling high-dimensional optical data but also enhances the accuracy and reliability of data analysis. Its application spans the entire data processing workflow, complementing the previously discussed Jones matrix data representation method [53], and lays a solid foundation for subsequent experimental design and results analysis.
4.3.5 [bookmark: _Toc175722680][bookmark: _Toc175723085][bookmark: _Toc175728716]Levenberg–Marquardt algorithm and Design
To iteratively refine the results after SVD and approach the final accurate value, it is necessary to introduce the least squares method.
As is well known, the least squares method obtains the optimal function by minimizing the sum of squared errors [58]. The following sections of this report will explain the principles and applications of the least squares method from a probabilistic perspective. The least squares problem can be divided into linear and nonlinear least squares. Two classic solutions to the least squares problem are the Gauss-Newton method and the Levenberg-Marquardt (LM) method.

· The probabilistic interpretation of least squares
Using linear regression as an example, let's assume the optimal function is:



For each pair of observations :





 represents the error term. Based on a reasonable assumption (the Central Limit Theorem), it can be considered that the distribution of errors to follow a normal distribution (also known as a Gaussian distribution), i.e., . Thus, it can be assumed that . According to the probability density function of the normal distribution:




In statistical analysis, the likelihood function  representing the probability of observing  given  conditioned on  is maximized. The likelihood  is given by:


The best parameters should be those that maximize the probability of all observed data. This process is known as Maximum Likelihood Estimation (MLE). For the sake of mathematical convenience, the monotonic log function is used.





In the process of minimizing the sum of squared residuals, a fixed value of  does not impact the estimation of  parameters. Instead, we seek to find the  that minimizes the following sum:


This sum is used to obtain the most probable estimates for the parameters that best fit the observed data through the least squares method.

· The Gauss-Newton Method
The Gauss-Newton method is derived from modifications to the Newton method and is used exclusively for solving nonlinear least squares problems. The greatest advantage of the Gauss-Newton method over Newton's method is that it does not require the calculation of the second-order derivative matrix (Hessian matrix). However, the trade-off for this benefit is that it is only applicable to least squares problems.
The objective of the least squares method is to minimize the sum of the squares of the residuals [59]:


To find the minimum using Newton's method, it is necessary to calculate its gradient vector and Hessian matrix.


In the aforementioned formula


It is referred to as the Jacobian matrix of r. Therefore, the above equation can be written as:



Where ,The calculation of the Hessian matrix is as follows:




Observe the second derivative ,Because the residual . Therefore, it can be considered as zero and omit it. Thus, the Hessian matrix can be approximately written as:


Here, it can be seen that the difference between the Gauss-Newton method and Newton's method lies in the use of an approximate Hessian matrix to reduce the computational difficulty. Additionally, the omitted terms are only suitable for cases in least squares problems where the residuals are small.
Insert the gradient vector and Hessian matrix into Newton's root-finding formula to obtain the iterative formula for the Gauss-Newton method.


From the above, it is evident that calculating the Jacobian matrix is sufficient to perform the iterations of the Gauss-Newton method, and the computation is no longer complex.

· Introduction to the LM Algorithm
The algorithm was first published in 1944 by Kenneth Levenberg while working at the Frankfurt Army Ordnance Depot. In 1963, Donald Marquardt, a statistician at DuPont, rediscovered this, and it was independently found by Girard, Wynne, and Morrison. The Levenberg-Marquardt Algorithm (LMA) is used in many software applications to solve general curve-fitting problems [60]. By utilizing the Gauss-Newton algorithm, it generally converges faster than first-order methods. However, like other iterative optimization algorithms, LMA only finds local minima, which may not be the global minimum.
The Levenberg-Marquardt algorithm controls the step length of variables within a certain trust region, ensuring that the Taylor expansion has a good approximation effect (using a damped Gauss-Newton method).




Assume  is a nonlinear mapping from .This means and .






The objective here is to find a  given an  and a reasonable initial value , such that  is minimized (locally minimized), where 



Similar to most minimization methods, this is an iterative approach. Initially, it involves a Taylor expansion, which allows  to be approximated by the following formula. This has two advantages: first, the expression is linear; second, it involves only first-order derivatives.






Here,  is the Jacobian matrix of . For each iteration, the following operation is conducted: assume the point for this iteration is , and find a  such that:


Minimize it. According to the projection formula, it is obvious that the minimum error can be achieved when the following equation is satisfied:


Modify this formula slightly to obtain:








This is the Levenberg-Marquardt algorithm. As discussed, when  is large, this algorithm resembles the steepest descent method, and when  is small, it is similar to the Gauss-Newton method. To ensure a reduction in the length of  at each step, the following strategy can be employed: start with a smaller , and if the length of  increases, then increase .
The algorithm terminates when any of the following conditions are met:

1. Stop if the change in the length of  is less than a specific predefined value.

2. Terminate if the change in  is less than a specific given value.
3. End if the maximum number of iterations is reached.

For a class of nonlinear least squares problems, it is usually very beneficial to separate the variables into a linear and a nonlinear part and take full advantage of reliable linear least squares techniques [61]. The Levenberg–Marquardt algorithm, also known as the Damped Least Squares (DLS) method, is often used to solve nonlinear least squares problems. These minimization problems frequently occur in least squares curve fitting. The LMA operates between the Gauss-Newton algorithm and the method of gradient descent. LMA is more robust than GNA, indicating that in many cases, it can still guarantee the feasibility of a solution, even if the initial values are far from the (local) optimal solution. As a damped least squares solution, LMA converges slightly slower than GNA. The L-M algorithm, being the most popular method for solving nonlinear least squares problems, is widely used in various software applications.
In the design of this paper, it is necessary to iteratively approximate the final accurate values after singular value decomposition. Based on the aforementioned advantages and disadvantages, this aligns completely with the philosophy of the LM algorithm, which is also well-suited for the tasks in this design. Therefore, the LM algorithm is proposed for determining the programming approach and design in this algorithm design.

4.3.6 [bookmark: _Toc175722681][bookmark: _Toc175723086][bookmark: _Toc175728717]Design Summary
This design first introduces the concept of polarization in optics, highlighting the general properties of light in optical research. It then introduces the concept of the Jones matrix, transforming polarization state information into a mathematical matrix format, which facilitates subsequent calculations and decomposition. At the same time, the concept of SVD is elaborated and a mathematical model is established based on the actual conditions of the OVNA, providing the mathematical basis for this design. The detailed content of the LM algorithm is also introduced, discussing its mathematical significance and practical value and comparing it with other algorithms to explain the reasons for its selection.
Theoretically, when we use the OVNA to analyse the polarization states of SNAP devices, the input and output of light can be considered as passive, and passive devices can mathematically be represented as unitary matrices [62]. The definition of Singular Value Decomposition is the product of a unitary matrix, a diagonal matrix, and another unitary matrix, which coincides with our modelling scenario. We can approximate the process of light's polarization states through the vector analyser as equivalent to the multiplication of three matrices. The basic logic of the code written in the following text is matrix operations, specifically, the process of decomposing the polarization state matrix using SVD.

4.4 [bookmark: _Toc170223033][bookmark: _Toc174461986][bookmark: _Toc175722682][bookmark: _Toc175723087][bookmark: _Toc175728718]Implementation
4.4.1 [bookmark: _Toc175722683][bookmark: _Toc175723088][bookmark: _Toc175728719]Python Compilation Environment
Python is widely used as an interpreted, high-level, general-purpose programming language. It supports various programming paradigms including functional programming, imperative programming, reflective programming, structured programming, and object-oriented programming [62]. It features a dynamic type system and garbage collection capabilities, automatically managing memory usage, and it has a large and extensive standard library. Its language structure and object-oriented approach are designed to help programmers write clear and logically coherent code for both small and large projects.
Python's design philosophy emphasizes code readability and the simplicity of its syntax, particularly the use of indentation with spaces to delineate blocks of code. Python allows developers to express concepts using fewer lines of code compared to C or Java. The Python interpreter itself also runs on nearly all operating systems. The official Python interpreter, CPython, is written in C and is a community-driven free software, now managed by the Python Software Foundation.
Currently, Python is one of the most popular programming languages. In October 2021, the Tiobe index of programming language popularity crowned Python as the most popular programming language, marking the first time in 20 years that it has ranked above Java, C, and JavaScript.
Due to the low learning curve, and flexibility of Python, it has become one of the fastest growing languages [63]. Python is simpler and easier to use than Java and .NET. While Python is a scripting language, Java and .NET are more akin to major OOP system languages like C++, inheriting many of its syntaxes and complexities but being simpler and more user-friendly. Python code is generally more straightforward compared to equivalent C++ code, often only one-fifth to one-third as long. Although Python is a scripting language, it sometimes serves many different roles; it is simpler and more advanced than C. Python is further from the low-level hardware architecture, thus lowering code complexity, improving organizational structure, and being more user-friendly; it is easier to understand and more widely used than PHP. Python is also used to build websites, but it applies to nearly every computing field from robotics to movie animation and games; it offers more functionality and a broader range of use than JavaScript. Python boasts a more extensive toolkit and is not strictly tied to web development. It is also employed in scientific modelling and instrument debugging.

In this report, the coding for automatic image segmentation is discussed, and Python can easily implement image segmentation techniques based on mathematical operations or deep learning. These techniques can learn deeper features from complex images. It supports the entire workflow from image capture to processing, analysis, and result presentation. This integrated workflow is particularly crucial for the image segmentation part, allowing for seamless linking of different processing steps, thus enhancing the segmentation's accuracy and efficiency.

4.4.2 [bookmark: _Toc175722684][bookmark: _Toc175723089][bookmark: _Toc175728720]Data Format and Feasibility Analysis
In this design, publicly available vector network analyser data was used. As shown in Figure 4, all subfiles are in .csv format, which is commonly used for storing simple text data. Each line in each file represents one record. This file format is simple, lightweight, and universally used, widely facilitating data exchange between different software and systems. Moreover, many software platforms (such as Java, Python, etc.) support importing or exporting data in CSV format, which facilitates subsequent data processing.
[image: ]
[bookmark: _Toc175721746][bookmark: _Toc175721949][bookmark: _Toc175728864]Figure 11 The Example of CSV Subfile
The content of each subfile is shown in Figure 5. It is evident that the specific data content consists of 11 columns, and the data pattern of any subfile is consistent with this. Column A corresponds to the wavelength, column B to the initial insertion loss, and columns C through J correspond to the real and imaginary values of each element of the second-order Jones matrix, which forms the basis for matrix operations and algorithm applications in subsequent programs. This part of the content corresponds exactly to Sections 4.3.3 and 4.3.4, validating the rationality of this design. Next, the design philosophy of the Python program and the code implementation process will be detailed.
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[bookmark: _Toc175721747][bookmark: _Toc175721950][bookmark: _Toc175728865]Figure 12 Example of Data Structure Within a Subfile

4.4.3 [bookmark: _Toc175722685][bookmark: _Toc175723090][bookmark: _Toc175728721]Implementation of SVD Based on the LM Algorithm
This section employs the Python language for algorithm design and scripting. The overall approach follows Figure 12:
[image: ]
[bookmark: _Toc175721748][bookmark: _Toc175721951][bookmark: _Toc175728866]Figure 13 Algorithm Design Flowchart
First, import the libraries required for this program implementation.
[image: ]
[bookmark: _Toc175721749][bookmark: _Toc175721952][bookmark: _Toc175728867]Figure 14 Library Import
As shown in the Figure 13, PIL is a third-party image processing library for Python, which plays an important role in the subsequent calling, displaying, and processing of images. The python package NumPy (Numeric Python) is used for manipulating large arrays and matrices of numeric data [64]. The Scientific Python (SciPy) extends the functionality of NumPy with a considerable collection of valuable algorithms, like minimization, Fourier transformation, regression, and other applied mathematical techniques [65]. It is often used together with SciPy and Matplotlib, as is the case in this program design. Simultaneously, SciPy.Optimize is the optimization module of SciPy, and in the following text, we will use its minimize function to solve for the optimal minimum.
After importing the necessary libraries, data reading can proceed (the file path must match the storage location on the computer, otherwise the program will error due to not finding the file):
[image: ]
[bookmark: _Toc175721750][bookmark: _Toc175721953][bookmark: _Toc175728868]Figure 15 Data Reading
Read the experimental data from Excel spreadsheets located at a specified path one by one. The `glob()` function can be used to find files that meet specific criteria, preparing for subsequent decomposition and iterative work.
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[bookmark: _Toc175721751][bookmark: _Toc175721954][bookmark: _Toc175728869]Figure 16 Iterate Through All Files
Next, set up a loop to iterate through all the directories in the current folder, read the files within these folders, and return the filenames in comma-separated value format to `df`. Construct a matrix equivalent in size to `df` and store the data from the CSV files (such as wavelength, etc.) into the matrix corresponding to `df`, awaiting subsequent calls.
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[bookmark: _Toc175721752][bookmark: _Toc175721955][bookmark: _Toc175728870]Figure 17 Construct the Jones Matrix
From the data matrix in Figure 16, the Jones matrix can be constructed to record the original polarization state of light [53]. The generation of the Jones matrix occurs within the aforementioned loop, resulting in a comprehensive four-dimensional matrix (each matrix element's corresponding position is also composed of a two-dimensional matrix, forming an overall four-dimensional composite matrix). The above instruction can be understood as placing each corresponding column from every row of each Excel data file into the respective position in the Jones matrix during each iteration. Overall, the Jones matrix is filled with data, with all previously read data being entered.
Determine the dimensions of the matrices ILmax_dB and ILmin_dB and fill them with zeros. The rows correspond to the number of wavelengths, and the columns correspond to the number of files. Subsequent steps will involve populating ILmax_dB and ILmin_dB with data.
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[bookmark: _Toc175721753][bookmark: _Toc175721956][bookmark: _Toc175728871]Figure 18 Minimization Algorithm
Switch to using matrices a, b, c, and d to store the original data, facilitating subsequent matrix operations.
[image: ]
[bookmark: _Toc175721754][bookmark: _Toc175721957][bookmark: _Toc175728872]Figure 19 Matrix Transformation Operations
Here, through custom functions J_R12, J_R21, J_R11, and J_R22, the previously mentioned variables x, a, b, c, and d are used in calculations. This is a necessary step for defining the OLS (Ordinary Least Squares) evaluation function that follows.
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[bookmark: _Toc175721755][bookmark: _Toc175721958][bookmark: _Toc175728873]Figure 20 Define Minimization Function
Define v1, v2, and the OLS function, where the OLS function performs arithmetic operations on the magnitudes of v1 and v2.
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[bookmark: _Toc175721756][bookmark: _Toc175721959][bookmark: _Toc175728874]Figure 21 Definition of OLS Loss Function
Set the maximum estimation at 50,000 and the maximum number of iterations at 10,000, with fval as the permissible error. The calculation in the code seeks the minimum value of OLS under the condition k0. This minimization iteration reflects the philosophy of the LM algorithm, where each step of the iteration demands a decrease in the objective function value; and it continuously approximates the accuracy of the results through iteration.
In the aforementioned algorithm, we have obtained the fitted minimum value, i.e., the minimum value after singular value decomposition, which should formally appear with larger main diagonal elements and sub-diagonal elements close to zero [13], completing the decomposition work of the original polarization state. The next step is to back-substitute the minimum values to verify whether the results align with theoretical expectations.
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[bookmark: _Toc175721757][bookmark: _Toc175721960][bookmark: _Toc175728875]Figure 22 Set Iteration Count and Maximum Estimation
Calculate the main diagonal values of the S matrix and substitute them into the decibel conversion formula to determine the insertion loss.
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[bookmark: _Toc175721758][bookmark: _Toc175721961][bookmark: _Toc175728876]Figure 23 Substitute Matrix B to Obtain Matrix S
Then, set the colours, titles, and other aspects for plotting.
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[bookmark: _Toc175721759][bookmark: _Toc175721962][bookmark: _Toc175728877]Figure 24 Set Parameters for Image Plotting

4.4.4 [bookmark: _Toc175722686][bookmark: _Toc175723091][bookmark: _Toc175728722]Image Segmentation Function Implementation
In the algorithm design of this paper, optimizations and improvements have been made to the output images.
Figure 24 shows the original data's insertion loss in decibels as a function of wavelength and distance. In this case, the insertion loss is determined by the sum of the squares of the elements of the polarization state matrix after singular value decomposition, and it can be approximately understood as the mode field distribution of the fibre. From Figure 24, it can be seen that the individual mode field distributions resemble the shape of a bat's head, with a definite space between two adjacent bat heads, which can be considered as a cutting operation on the fibre (cut). The mode field distributions in different segments of the fibre are relatively independent. The mode field distribution shown in the figure fully corresponds with the theoretical distribution of SNAP devices [16].
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[bookmark: _Toc175721760][bookmark: _Toc175721963][bookmark: _Toc175728878]Figure 25 Insertion Loss Output Legend
Now moving to the second part of the algorithm design, which involves automatically segmenting and individually displaying the mode field distributions of multiple fibre segments that are shown together. The specific design concept is illustrated in Figure 25.
[image: wps]
[bookmark: _Toc175721761][bookmark: _Toc175721964][bookmark: _Toc175728879]Figure 26 Automatic Segmentation Algorithm Design Process
The overall operational process is divided into the following four steps:
1.Pixel Conversion based on the ILmin_dB matrix:
· Calculate the maximum, minimum, and average values of the ILmin_dB matrix.
· As shown in Figure 26, use the formula ((ILmin_dB - ILmax_dB_min) / (ILmax_dB_max - ILmax_dB_min) * 255) to convert the ILmin_dB matrix into a 0-255 pixel image, rounding down the pixel values.
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[bookmark: _Toc175721762][bookmark: _Toc175721965][bookmark: _Toc175728880]Figure 27 Convert the Matrix ILmin_dB to An Image with Pixel Values
· Apply cv2.threshold to perform threshold segmentation and binarization of the function, separating out the main graphic.
2.Finding Graphics:
· Define the col_zero variable to store all non-zero values.
· As shown in Figure 27, use a loop to locate the continuous regions where the graphic is located, recording the start and end points.
· col_start and col_end are the first and last points of the graphic, aligning them will index the corresponding position.
[image: ]
[bookmark: _Toc175721763][bookmark: _Toc175721966][bookmark: _Toc175728881]Figure 28 Find the Continuous Region by Iterating through the Loop
3.Graphic Cropping:
· Based on col_start and col_end, iterate through both arrays and crop the ILmin_dB matrix from the start position, storing the results in a list(Figure 28).
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[bookmark: _Toc175721764][bookmark: _Toc175721967][bookmark: _Toc175728882]Figure 29 Store the Results in a List
4.Iterate through the matrix to plot:
· iterate over the list of cropped matrices and plot each segment.
This sequence ensures that the main features of the mode field distributions are accurately represented and processed for analysis.

4.4.5 [bookmark: _Toc175722687][bookmark: _Toc175723092][bookmark: _Toc175728723]Implementation Summary
This section elaborates in detail on how the designed solution is applied to information identification and extraction in OVNA. Through a series of meticulously planned steps, this section successfully deployed the methods of SVD and the Jones Matrix within the Python programming environment to process and analyze data produced by OVNA, obtaining single-polarization state optical information. Additionally, automatic segmentation code for the mode field distribution images of insertion loss was implemented, enabling the output of images of single mode fields. This provides a viable approach for research using vector network analyzers.

4.5 [bookmark: _Toc170223034][bookmark: _Toc174461987][bookmark: _Toc175722688][bookmark: _Toc175723093][bookmark: _Toc175728724]Conclusion
This chapter discusses in detail the design and implementation process of information identification and extraction in OVNA. In the design section, this part focuses on how to effectively utilize Jones Matrix and Singular Value Decomposition techniques to process OVNA data. The design considers how to simplify data structures through these methods and how to accomplish minimization using the LM algorithm. Additionally, it elaborates on the layout and configuration of the selected hardware and software tools, ensuring the practicality and scientific validity of the design. The implementation section specifically shows the detailed steps from configuring the equipment to executing data processing and analysis. Through the Python environment, this research not only achieves effective data processing but also allows for the visualization of results, thereby validating the effectiveness of the methods. During the implementation, each step is thoroughly documented with detailed records and screenshots, ensuring the reproducibility and transparency of the experiments.
In summary, the design and implementation in this chapter successfully demonstrate the effectiveness and feasibility of the technologies employed, offering new perspectives and methods for optical vector network analysis, as well as providing valuable experiences and guidance for future research and applications in similar technological fields.
[bookmark: _Toc170223036][bookmark: _Toc174461989][bookmark: _Toc175722689][bookmark: _Toc175723094][bookmark: _Toc175728725][bookmark: _Toc341174561]
Chapter 5 – Testing and Evaluation  

[bookmark: _Toc175722690][bookmark: _Toc175723095][bookmark: _Toc175728726]5.1 Algorithm Results Analysis
Figure 29 illustrates that there is a discernible difference in colour intensity between the raw data and the data processed through the LM algorithm's Singular Value Decomposition, indicating variations in insertion loss at the same wavelengths and distances. The definition of insertion loss itself is directly proportional to the magnitude of the elements in the decomposed output matrix. From these two images, it can be inferred that the results processed by the program differ slightly from the original polarization information. Further validation of the program's effectiveness will be conducted next.
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[bookmark: _Toc175721765][bookmark: _Toc175721968][bookmark: _Toc175728883]Figure 30 Comparison of Insertion Loss Before and After Algorithm Processing
Observing the mode field distribution state, the mode field within a single segment of fibre resembles the shape of a bat; the mode field near the bat's ears is sparse, the mode field at the bat's head is elongated, and the mode field inside the bat becomes increasingly dense with increasing wavelength. These phenomena are completely consistent with existing theories [26], proving that the algorithm has not altered the inherent mode field distribution of the BBR.

[bookmark: _Toc175722691][bookmark: _Toc175723096][bookmark: _Toc175728727]5.2 Automatic Segmentation Results Analysis
The innovative design of this algorithm—automatic mode field segmentation—facilitates the analysis of mode field distribution in single fibre segments by program operators. It achieves automatic localization, detection, differentiation, and segmentation effects, allowing for single mode field splitting of data from any vector analyser. The output after segmentation is shown in Figure 30.
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[bookmark: _Toc175721766][bookmark: _Toc175721969][bookmark: _Toc175728884]Figure 31 Segmentation Program Results Analysis Example
Automatic segmentation technology can quickly and accurately divide the mode field data of optical signals into independent components, enhancing the speed and efficiency of data processing, which is especially crucial for handling large datasets. By using advanced algorithms to automatically identify and segment mode fields, this technology minimizes the impact of human error and subjective judgment, enhancing the precision and reliability of data analysis. It ensures the consistency and reproducibility of each segment, which is difficult to achieve with manual segmentation. The results of automatic segmentation can be directly used to generate clear and accurate visual representations, which are vital for interpreting complex data and presenting research findings. Effective data visualization not only aids in internal analysis but also provides better understanding and communication when presented to non-expert audiences.
[bookmark: _Toc175722692][bookmark: _Toc175723097][bookmark: _Toc175728728]5.3 Multifaceted Program Results Validation
Next, the algorithm output results will be validated from the perspectives of wavelength and distance.
According to the definition of Singular Value Decomposition (SVD), the matrix resulting from the decomposition should be a diagonal matrix, meaning that the elements on the main diagonal are non-zero, while all other elements are zero [13]. In optics, this represents that the original average polarization state information has been transformed into a single polarization state information.
First, by fixing the wavelength, i.e., keeping the same wavelength constant, the sum of squares of the main diagonal and off-diagonal elements of the matrix after singular value decomposition are outputted. Plot the main diagonal elements of the decomposed matrices corresponding to different distances, using colours to differentiate them. The graphical results are shown in Figure 31.
[image: ]
[bookmark: _Toc175721767][bookmark: _Toc175721970][bookmark: _Toc175728885]Figure 32 Sum of Squares of the Main Diagonal Values of the Decomposed Matrix When the Wavelength is Fixed
It can be observed that the majority of the colours in Figure 31 are not green, but are instead blue or red. This indicates that the sum of squares of the main diagonal elements is not zero, but changes with the distance z and is mostly non-zero; this corresponds to the theoretical assertion that the main diagonal elements should not be zero.
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[bookmark: _Toc175721768][bookmark: _Toc175721971][bookmark: _Toc175728886]Figure 33 Display of the Sum of Squares of Off-diagonal Values in the Decomposed Matrix When the Wavelength is fixed
Looking further at Figure 31, it is apparent that the predominant colour for most distances z is green, meaning that the values are close to zero. In the step-by-step calculations in the code, we can see that the off-diagonal elements of the matrix are at the 10-5 magnitude level, much smaller compared to the values on the main diagonal. This aligns completely with the characteristic of the off-diagonal elements of the decomposed matrix being close to zero, proving that the effects of the singular value decomposition have been achieved.
Now, with the distance z fixed, using the already output decibel graphs of insertion loss, plot the insertion loss decibel curves for untreated data, ILmax_dB (main diagonal), and ILmin_dB (off-diagonal) over increasing wavelengths under the same distance conditions. The results are shown in Figure 33.
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[bookmark: _Toc175721769][bookmark: _Toc175721972][bookmark: _Toc175728887]Figure 34 Insertion Loss Curves with Increasing Wavelength at a Fixed Distance
It can be seen that the curve plotted from the untreated data differs significantly in height from the curve obtained after algorithmic decomposition. The curve from the untreated data (main diagonal elements) roughly maintains at -10 dB, whereas the curve post-algorithm treatment stabilizes around -20 dB. The height of the curve after algorithmic treatment is approximately half of that without the algorithm (which roughly translates to a twofold relationship on a logarithmic scale). Mathematically, this is consistent with the relationship where the polarized light is approximately twice the size of the polarized light after singular value decomposition, proving that the singular value decomposition has been successfully completed. [13]

5.4 Program Performance Efficiency Comparison
To validate the superiority of the program design presented in this report, the code has been translated into M language, which means writing equivalent programs in Matlab. Figure 34 shows an example of the code written in M language, with the detailed code provided in the appendix. The same code is executed in both Matlab and Python environments, with the results shown in Figures 35 and 36, respectively.
[image: ]
[bookmark: _Toc175721770][bookmark: _Toc175721973][bookmark: _Toc175728888]Figure 35 Matlab Corresponding Code Example
The runtime for Python fluctuates between 5.35 and 5.55 seconds, while MATLAB's runtime varies between 7.26 and 7.82 seconds. These data allow for objective analysis and summarization.
Python's runtime is relatively stable with minor fluctuations (about 0.2 seconds), indicating consistency in performance across multiple runs. This could be attributed to the efficient optimization algorithms and underlying libraries used in Python, as well as its effective memory management and optimization when processing data. MATLAB exhibits slightly larger fluctuations in runtime (about 0.55 seconds), which may indicate that it is more affected by memory management or other environmental factors in different runs. These fluctuations could be due to MATLAB not being fully optimized in executing certain operations, particularly in complex matrix calculations or recursive computations, which may require more time.
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[bookmark: _Toc175721771][bookmark: _Toc175721974][bookmark: _Toc175728889]Figure 36 Python Runtime Duration Test
For code with identical functionality, Python's average runtime is about 5.45 seconds, demonstrating superior performance. This suggests that Python can more quickly handle complex mathematical computations and matrix operations when executing this code. MATLAB's average runtime is about 7.35 seconds, significantly slower than Python. This reflects that while MATLAB has powerful mathematical computation capabilities, its efficiency may not match Python in certain scenarios.
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[bookmark: _Toc175721772][bookmark: _Toc175721975][bookmark: _Toc175728890]Figure 37 Matlab Runtime Duration Test
In this code, there are numerous loops and matrix operations. Numpy arrays and functions in Python are usually highly optimized for these operations, whereas MATLAB, despite being adept at matrix operations, may not be as efficient in some loop-intensive tasks. Differences in memory management between Python and MATLAB could be one of the key reasons for performance discrepancies. Python's memory management mechanisms, such as reference counting and garbage collection, perform well in executing these computation-intensive tasks, while MATLAB might incur additional memory overhead in some cases [66].
By comparing and analysing runtimes, the conclusion is drawn that Python's execution efficiency surpasses MATLAB in handling complex numerical computation tasks. Python, with its powerful numerical computation libraries, optimized underlying implementations, and effective memory management, shows better stability and speed in runtime. This further supports the rationale of choosing Python as a numerical computing tool in certain scenarios, especially when performance is a key consideration.



[bookmark: _Toc341174562][bookmark: _Toc170223037][bookmark: _Toc174461990][bookmark: _Toc175722693][bookmark: _Toc175723098][bookmark: _Toc175728729]Chapter 6 - CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Toc371251378][bookmark: _Toc371251427][bookmark: _Toc371255407][bookmark: _Toc371255562][bookmark: _Toc170223038][bookmark: _Toc174461991] 
6.1 [bookmark: _Toc170223039][bookmark: _Toc174461992][bookmark: _Toc175722694][bookmark: _Toc175723099][bookmark: _Toc175728730]Summary
This study focuses on the issue of information identification and extraction within the Optical Vector Network Analyzer. By applying advanced data representation and processing techniques, the research addresses the challenge posed by the functional limitations of the vector analyser, which previously only allowed for the extraction of averaged polarization states. The study employs the Jones matrix for data representation and utilizes the concept of Singular Value Decomposition for modelling and data processing. Additionally, the Levenberg-Marquardt algorithm is applied to achieve minimization in linear regression, effectively reducing data dimensionality and processing complexity, filtering noise, and extracting single-polarization information. The results obtained from SVD are then validated through visualization. This combined approach significantly enhances the accuracy and reliability of OVNA data analysis in complex optical networks.
During the experimental design and implementation, careful selection of appropriate algorithms and software environments ensured the efficiency of the data processing workflow and the reproducibility of the results. The overall findings of this study demonstrate that through the judicious application of the aforementioned techniques, the functional limitations of the OVNA can be effectively mitigated, enabling more precise, single-information extraction and processing. This provides crucial technical support for the optimization and performance improvement of optical networks.

6.2 [bookmark: _Toc170223040][bookmark: _Toc174461993][bookmark: _Toc175722695][bookmark: _Toc175723100][bookmark: _Toc175728731]Conclusion
Surface nanoscale axial photonics devices have been one of the research hotspots in recent years. The Optical Vector Network Analyzer, as one of the most popular optical instruments, has been applied to SNAP research. However, due to inherent limitations in its principles, the OVNA cannot obtain light information from a single polarization state; it can only capture the average of orthogonal polarization states. Against this backdrop, this report designs a Singular Value Decomposition program based on the Levenberg-Marquardt algorithm. The main research contents include the following:
1. Analysis of the Research Background and Current Status of the SVD Program Based on the LM Algorithm: Currently, there are teams that have implemented algorithm designs using other methods, achieving reduced computation time and faster processing speeds. However, with the rise of the new programming language Python in recent years, more and more people are inclined towards writing concise and understandable Python code. In this aspect, the research field is still relatively underdeveloped, and many related issues urgently need to be addressed. The algorithm program designed and implemented in this report provides a new approach to addressing the functional limitations of Optical Vector Network Analysers.
2. Introduction of Concepts Related to surface nanoscale axial photonics devices and detailed explanation of the model design approach: This report gradually builds the mathematical model by introducing the relevant knowledge of polarization, the application of the Jones matrix, and the principles of the OVNA. The feasibility of the SVD program based on the LM algorithm is demonstrated, and the true physical significance of the algorithm is analysed.
3. Detailed Explanation of the Python Algorithm Programming Approach: From reading files to establishing the Jones matrix and then iterating the LM algorithm to find the minimum, each step is closely related to the previous one, forming a logical sequence. The purpose and principle of each step are clarified, and the characteristics of Python program writing are described, summarizing its advantages and disadvantages.
4. Provision of Improved Image Output Functionality: The program now includes a feature that allows the automatic segmentation of the mode field distribution for each fibre segment based on the dB output image of insertion loss. This improvement enables the aforementioned effect for any file, facilitating analysis and comparison by observing changes in the images before and after SVD. Additionally, two new graphical judgment functions are added, fixing either the z-value or the wavelength, to output the other attribute. This enhancement allows for a clearer observation of the algorithm's effectiveness.
5. This report specifically compares the efficiency differences between running the same code in Python and Matlab. It demonstrates that deploying the Singular Value Decomposition program based on the LM algorithm in a Python environment has advantages, with faster processing of complex mathematical computations and matrix operations, and more stable runtime durations. Through comparison, it can assist decision-makers and engineers in making informed choices for specific projects. For tasks requiring high performance and stability, Python may be the superior choice, especially when dealing with large-scale data, needing rapid iterative development, or conducting complex optimizations. Meanwhile, MATLAB might be more suitable for scenarios that require specialized optimization for matrix computations and rely on its built-in function library.

6.3 [bookmark: _Toc170223041][bookmark: _Toc174461994][bookmark: _Toc175722696][bookmark: _Toc175723101][bookmark: _Toc175728732]Recomendations for Further Research
Although this report has completed the Python program for single value decomposition based on the LM algorithm, there are still some shortcomings and limitations:
(1) Although the graph processed by the algorithm can be processed through a series of processes, the resolution of the final output insertion loss decibel graph is low. This is because the algorithm reads a small amount of data at one time, resulting in a low density of generated points. This problem deserves further study and improvement.
(2) The algorithm designed in this report is based on the distance z, and it is impossible to decompose the polarization state of the specified wavelength by the wavelength characteristics. This also makes the drawn graph only relatively qualitatively judge whether it is consistent with the actual experimental situation. This deserves further in-depth exploration.
(3) The content in this design only compares Python with the Matlab programming environment, demonstrating that the program runs faster and with less variation in runtime durations in the Python environment, proving that Python is more suited for handling complex matrix transformations and loop iterations. However, this discussion does not extend to other programming environments, such as Java, C++, and other common programming languages, which limits the comprehensiveness of the research findings. This aspect could be further explored and validated.
[bookmark: _Toc170223042][bookmark: _Toc174461995][bookmark: _Toc175728733][bookmark: _Toc341174563]
Chapter 7 – Reflections 

The primary aim of this research was to address the limitations of the optical vector network analyser in handling polarization states by implementing sophisticated algorithms and models to accurately identify characteristic patterns and extract signals of a single polarization state. This aim was set to enhance the data analysis process and simplify the complexity of data handling. Here, I reflect on the extent to which the research objectives have been achieved and discuss the overall conduct and progress of the project.
Objective 1: Design and implement a singular value decomposition model to analyse and process data from an OVNA. 
This objective was achieved successfully, as detailed in Chapter 4 – Design & Implementation. The implementation of the SVD model allowed for a refined analysis of OVNA data, significantly enhancing the clarity and utility of the output data. The integration of this model into the data processing workflow was seamless, demonstrating the practical application of theoretical concepts studied.
Objective 2: Use improved algorithms to extract single polarization state optical signals. 
The research developed and implemented algorithms that effectively isolated and displayed single polarization state signals. As discussed in Chapter 4, these algorithms not only optimized the data analysis workflow but also expedited the process from raw data acquisition to final output, making it both quicker and more accurate.
Objective 3: Utilize programming languages for automatic recognition and segmentation of insertion loss plots. 
The adoption of Python for automating the recognition and segmentation processes addressed in Chapter 4 considerably reduced manual interventions and minimized human errors. This automation significantly streamlined the analysis process, enhancing the efficiency and reliability of data handling.
Objective 4: Verify the effectiveness of the program and compare it with other programming languages. 
Throughout the research, continuous tests were conducted to validate the effectiveness of the developed programs, as reflected in Chapter 5 – Image Results Analysis and Comparison. The comparisons with other programming languages in Chapter 5 underscored the superiority of the chosen methods in terms of speed and accuracy, affirming the practical application value of the research.
During the implementation process, the project encountered some unexpected challenges, particularly in mathematical modelling, the choice of programming environments, and handling complex data structures.
While attempting to mathematically model OVNA data, choosing the most suitable mathematical formulas and principles became a challenge. Especially when trying to optimize the Singular Value Decomposition (SVD) model to fit specific data characteristics, it was necessary to continuously experiment and adjust various mathematical approaches, a process that was more complex and time-consuming than anticipated.
The project planned to compare the execution efficiency of Python with other programming languages (such as MATLAB and R). However, converting highly optimized code in Python to other languages and ensuring functional equivalence across all environments presented technical obstacles. Code conversion required a deep understanding of each language's characteristics, as well as re-adjustments and testing of the algorithms to ensure consistency and accuracy of results.
Dealing with Jones matrices, their multidimensional characteristics added extra complexity to data analysis. Particularly when attempting to extract useful information from these high-dimensional data, conventional data processing methods often fell short. This required the research team to develop more complex algorithms to effectively handle these multidimensional data while maintaining the efficiency and accuracy of the computations.
Although these challenges were not fully anticipated in the initial risk analysis, they were ultimately overcome through adaptive strategies and detailed data analysis, ensuring the smooth progress of the research. These experiences also provide valuable lessons and strategies for future research in similar fields.
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The Planned Gantt Chart provided an overview of the intended timeline for key activities, such as background reading, proposal development, literature review, research design and methods, implementation, analysis of results, and report writing. As is common in research projects, the path initially set out did not exactly mirror the actual progress due to various factors.
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Original Gantt Chart
The Actual Gantt Chart reflects the real timeline and adjustments made during the project. Changes in the project timeline were primarily due to the unexpected challenges encountered in mathematical modelling, code conversion for different programming environments, and the computational difficulties associated with the multi-dimensional characteristics of the Jones Matrix. These challenges required additional time for problem-solving and optimization, leading to an extended implementation phase and a subsequent delay in the analysis and reporting phases.
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Actual Gantt Chart.
At the outset of this project, a thorough Risk Analysis was conducted to identify potential challenges and obstacles that could impact the project’s progress. Key risks identified included:
1. Mathematical Modelling Difficulties: The complexity of selecting appropriate mathematical formulas and principles for accurate modelling was a significant risk. This was mitigated by allocating extra time for research and consultation with experts in the field, which allowed for the successful integration of the Singular Value Decomposition (SVD) model.
2. Code Conversion Challenges: The project involved comparing the efficiency of Python with other programming environments. The risk of encountering difficulties in code conversion was mitigated by developing a clear strategy for translating and testing the code in different languages, which included a contingency plan for handling discrepancies and performance issues.
3. Computational Challenges with Jones Matrix: The high-dimensional data associated with the Jones Matrix posed a risk of increased computational complexity. This was addressed by optimizing the algorithms and enhancing computational resources to manage the data effectively.
The risk minimization strategies implemented were generally effective, although some challenges, such as the extended time required for code conversion and computational optimization, were more significant than initially anticipated.

Changes to Project Objectives
During the course of the project, no major changes were made to the core objectives as outlined in the Project Proposal Form. However, there was a shift in focus towards optimizing the computational efficiency of the tools and algorithms used, particularly in response to the challenges encountered with the Jones Matrix data. This shift was justified by the need to ensure that the data processing was not only accurate but also scalable and efficient, which is critical for practical applications in optical network analysis.
Reflection on Performance
Overall, the project progressed well despite the challenges encountered. The adjustments made to the timeline and the iterative refinement of the methodologies used reflect a flexible and adaptive approach to research. The tools and techniques employed, particularly the use of Python for data processing and the incorporation of advanced mathematical models, proved to be effective in achieving the research objectives.
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	Date
	Daily Activities
	Meetings
	Progress Discussion

	05/03/2024-25/02/2024
	Began background reading on my topic. Gathered key literature and resources for deeper study.
	03/07/2024
	Discussed the specific requirements outlined in the MSc Project Handbook and tentatively confirmed the research topic.

	18/03/2024-04/04/2024
	Started developing the research proposal. Outlined research objectives and discussed potential challenges with the supervisor.
	
	

	05/04/2024-30/4/2024
	Conducted an in-depth review of literature focusing on existing algorithms used in data analysis. Identified gaps that the current research could address.
	09/07/2024
	Covered background knowledge related to the research and discussed some fundamental concepts.

	22/05/2024-28/06/2024
	Initiated the research design phase, focusing on selecting appropriate methods and tools for data analysis. Began drafting the methodology chapter, incorporating feedback from the literature review.
	22/07/2024
	Had a detailed discussion about the design approach for the report and explored its feasibility.

	29/06/2024-26/07/2024
	Implemented the model in Python, starting with basic data processing scripts. Faced challenges in handling multi-dimensional data from Jones Matrix, requiring additional research and adjustments.
	01/08/2024
	Discussed the functionality and structure of the code and exchanged ideas on performance optimization.

	27/07/2024-25/08/2024
	Completed the final report and performed a thorough review of the document. Submitted the report, including all relevant appendices and Gantt charts.
	13/08/2024
	Reviewed the optimized code and discussed some final considerations for the report with the supervisor.
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# Import the corresponding data package
import PIL.ImageShow

import pandas as pd

import numpy as np

import glob

import cmath

import math

from scipy.optimize import minimize
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# %% Get the Data
# Global settings

DataPath = 'D:\Software\MasterProjectRelated\FiberCut\Test90' # Specify the data storage location

filenames = glob.glob(DataPath + '/%2020S11test-*.csv') # Search for the file
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for file in filenames: # Iterate through all the folders in the current directory in a loop
position = int(file[-8:-4]) # number of file
df = pd.read_csv(file, header=None) # Read the comma-separated values (CSV) file names and return them to "df’
[rownum, colnum] = df.shape # Construct a matrix equivalent to the content stored in "df’
Data_z = np.array(df.iloc[1303:1499, :].reset_index(drop=True)) # Select rows 1034 to 1499 from "df as ‘Data_z’
wavelength = Data_z[:, 0] # Extract the first column of the "Data_z' matrix as the wavelength
wave = np.linspace(wavelength[0], wavelength[-1], len(wavelength)) # Divide the wavelength into equal intervals
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index = np.arange(l, len(wavelength) + 1) # Transpose, converting row vectors into column vectors

J_z[:, position, 0, 0] = Data_z[:, 2] + 1j % Data_z[:, 3]

# Use a loop to place the third and fourth columns of each row in ‘Data_z’

# into all rows of the "J_z' matrix at the "position’-th column's Jones matrix. The same applies for the following columns.
J_z[:, position, 0, 1] = Data_z[:, 4] + 1j % Data_z[:, 5]

J_z[:, position, 1, 0] = Data_z[:, 6] + 1j % Data_z[:, 7]

J_z[:, position, 1, 1] = Data_z[:, 8] + 1j * Data_z[:, 9]
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# %% Minimisation
# dl = (max(wavelength)-min(wavelength))/(len(wavelength)-1)
WwL_P11 = np.linspace(min(wavelength), max(wavelength), len(wavelength))

ILmax_dB = np.zeros((len(Data_z[:, 0]1), number_uf_file)ﬂ

# Generate a zero matrix with the number of rows equal to “length(Data_z(:,1))"
# and the number of columns equal to "length(files_z_step) .

ILmin_dB = np.zeros((len(Data_z[:, 0]), number_of_file))

ILmax_part2
ILmin_part2

np.zeros((len(Data_z[:, 0]1), number_of_file)) # Define the zero matrices "ILmax_part2’ and "ILmin_part2’.
np.zeros((len(Data_z[:, 0]), number_of_file))

k@ = np.array([0.74, 0.50, 0.48, 0.90, 0.61, 0.62, 0.86, 0.81])
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for j in
aloe,
b[o,
clo,
d[o,

range(len(Data_z[:, 0]1)):

3l
3l
3l
3l

J_z[j, z86 - 1, 0, 0]
J_z[j, z86 - 1, 0, 1]
J_z[j, z86 - 1, 1, 0]
J_z[j, z8 - 1, 1, 1]

# Use matrices ‘a’, ‘b, 'c, and 'd’ to store the first row and first column
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+

+

+

(F_out21(x))

(F_out22(x))

(F_out21(x))

(F_out22(x))

*

*

*

*

(c * (F_in21(x))

(c * (F_in11(x))

(c * (F_in11(x))

(c * (F_in21(x))

+

+

+

+

d * (F_in22(x)))

d * (F_in12(x)))

d * (F_in12(x)))

d * (F_in22(x)))
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# Cost function Define the loss function
# vl =@(x) J_R12(x,a,b,c,d);
# v2 =@(x) J_R21(x,a,b,c,d);
2 usages
def vi(x):
return J_R12(x, a, b, c, d)

2 usages
def v2(x):
return J_R21(x, a, b, c, d)

# 0LS = @(x) sum(sgrt((real(vi(x)).”2 + imag(vi(x)).”2 + real(v2(x)).”2 + imag(v2(x)).*2)));
# Define the OLS expression, which represents the square root of the sum of the magnitudes of "v1' and ‘"v2'.
1usage

def OLS(x):
return (np.sqrt(vi(x).real ** 2 + vi(x).imag ** 2 + v2(x).real *x 2 + v2(x).imag ** 2)).sum()
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res = minimize(OLS, k@, method='nelder-mead', options={'maxiter': 10000, 'maxfev': 50000})
B = res.x

fval = res.fun

GD = np.zeros((l, number_of_file))
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JR11 = J_R11(B, a, b, c, d) # Substitute the above four functions to compute "JR11", "JR12°, "JR21", and " JR22
JR12 = J_R12(B, a, b, c, d)
JR21 = J_R21(B, a, b, c, d)
JR22 = J_R22(B, a, b, c, d)

JD = np.zeros( shape: (2, 2), dtype=complex)
for j in range(len(Data_z[:, ©])): # For each wavelength, construct the “JD  matrix.

Jb[e, 8] = JrR11i[e, j]

Jo[e, 1] = JrR12[e, j]

JD[1, 8] = JR21[@, J]

JD[1, 1] = JR22[0, j]

# print("The main diagonal: ",JD[0,0]*JD[1,1])

# print("The anti-diagonal: ", JD[®, 1] % JD[1, 0])
S = JD.T * JD

Ilmax_dB[3, il = 20 * math.log(abs(S[@, ©1), base: 10) # Calculate the maximum insertion loss in decibels.
ILmin_dB[j, i] = 20 * math.log(abs(S[1, 1]), base: 10) # Calculate the minimum insertion loss in decibels |
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X = z_P12

y = WavelengthAxis

z = InsersionLoss2
[row, col] = z.shape

# plt.figure()
fig, ax = plt.subplots()
c = ax.matshow(z,
cmap="jet",
aspect="auto',
interpolation="'nearest’,
origin="'lower"'
)
cbar = fig.colorbar(c, ax=ax)
char.set_label(r'$P_{11} (dB)$', size=25)
number_of_interval = 5
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ILmax_dB_min np.min(ILmin_dBﬂ

ILmax_dB_max = np.max(ILmin_dB)

ILmax_dB_mean = np.mean(ILmin_dB)

ILmax_dB_average = np.average(ILmin_dB) # Calculate the maximum, minimum, and average values of ILmin_dB separately

# Ilmax_dB_C = (((ILmax_dB+22)*10)**2%2).astype(np.uint8)

ILmax_dB_C = ((ILmin_dB - ILmax_dB_min) / (ILmax_dB_max - ILmax_dB_min) * 255).astype(np.uint8)

# ILmax_dB_C = (((ILmin_dB-ILmax_dB_mean)/(ILmax_dB_average))*255).astype(np.uint8)

# ILmax_dB_C=cv2.flip(cv2.flip(ILmax_dB_C, 1),0)

_, thl = cv2.threshold(ILmax_dB_C, thresh: 170, maxval 255, cv2.THRESH_BINARY) # Use cv2.threshold for binary thresholding
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for i in range(thl.shape[1]):
if tha[:, i].all1():
col_zero.append(i) # If all values in column i are not zero, add i to the col_zero list.
# Find the continuous region of the shape by iterating through the loop
col_start = []
col_end = [] # Record the start and end points
if col_zero[0] > 50:
col_start.append(0)
col_end.append(col_zero[0])
# Check if there is a segment of shape before the first non-zero column
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if thl.shape[1] - col_zero[-1] > 50:
col_start.append(col_zero[-1])
col_end.append(thl.shape[1])




image6.png
A few nm

0y
A Afew
tens.

Darks te,
V@ r (o) memiers

funcoupl|




image91.png
1503 )

A A
15502975
B
< -~ i S
§ 1550175 P
1550, 125 ol =
19509979 0125 @15
Distance (um)
15503 {2)
P K
1550.2375
_a AR
150,175

Wavelength (nm)

1650.1125.

1550.99% 0125 a5
Distance (um)

P1(dB)

Pu1(dB)




image92.png
P11(dB)

1550. 3 ) 1550-3 (L) 1550-3 (2)
— S Rl e
1550. 2375 1550. 2375 1550. 2375 8
2 5 B
| ——
1550. 175 |8 1550. 175 p— 1550. 175
e S i ]
e —
rm T o " .
1550. 1125 pliemtons J550. 1125 [ M550 1125
e - L S g W S S T i R e =
1550 05 0 52 104 156 208 1550 05 0 6 128 192 256 1550 050 (]F 14.5 2.0
Distance (um) Distance (um) Distance





image93.png
“main—diagonal

0.075

1 50 | ‘ 0.050
; 0.025

1 00 | 0.000

|
| L -0.025
50 oo
L -0.075
0- il |

0 100 200 300 400 600

Distance (um)




image94.png
counter—diagonal

150 1

100 1

50 1

100 200 300 400

Distance (um)

500

600

0.00100

0.00075

I 0.00050

I 0.00025

I 0.00000

- -0. 00025

-0. 00050

-0. 00075




image95.png
N N N N
o EeN N o

A
o

InsertionLoss (dB)

WWWVW\’V S

Values without algorithm processing

The valuel after algorithm processing

The lvalue2 after algorithm processing

1550. 05 1550. 1125 1550. 175 1550. 2375 1550. 3

Wavelength (nm)





image96.png
a() =Jz(i,L1);
% Assign each element of 'a, b, ¢, and d to the value in the first row and first column of the "J z’
b(3) =7J2(3,1,1,2);
e =Jz(1,21);
d(j) =J2(3,1,2,2);

end

J_R12 = @(x,a,b,c,d) (F_outll(x)).*(a. *(F_in21 (x)) +b. * (F_in22 (x)) )+ (F_out21 (x)). *(c. * (F_in21 (x)) +d. * (F_in22 (x)) ) ;
J_R21 = @(x,a,b,c,d) (F_outl2(x)).*(a.*(F_inll (x))+b. *(F_in12(x)))+(F_out22(x)).*(c. * (F_inll (x))+d. *(F_in12(x))) ;

J_R11 = @(x,a,b,c,d) (F_outll(x)).*(a. *(F_inll(x))+b. *(F_in12(x)))+(F_out21l (x)).*(c. * (F_inll (x))+d. *(F_in12(x))) ;
J_R22 = @(x,a,b,c,d) (F_outl2(x)).*(a. *(F_in21 (x)) +b. * (F_in22 (x)) )+ (F_out22 (x)). *(c. * (F_in21 (x)) +d. * (F_in22 (x)) ) ;

JR11 = J_R11(B,a,b,c,d) ;% Substitute 'a, b, ¢, d, and B into the above four functions to compute ~JR11
JR12 = J_R12(B,a,b,c,d);
JR21 = J_R21(B,a,b,c,d);
JR22 = J R22(B,a, b, c,d);

for j=l:length(Data_z(:,1))% For each wavelength, construct the ~JD matrix.

ID(1, 1) = JR11(3);
JD(1,2) = JR12(j);
D@, 1 = JR21(3);
JD(2,2) = JR22(j);

S = 1D *TD-% Compute the S matrix from the 1D matrix.
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>> OVA_EV

Matlab Runtime:
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APPLICATION-FOR-ETHICAL-APPROVAL-

In‘order for research-to-result-in-benefit-and minimise risk-of harm, it must be conducted ethically.

The- University- follows: the- OECD- Frascati- manual- definition- of research- activity-- “creative: work
undertaken-ona-systematic basis in-order to-increase the-stock of knowledge,-including knowledge of
man, culture and society, and the use of this stock of knowledge to devise new applications”.As such this-
covers- activities: undertaken- by- members. of staf,- postgraduate- research- students,- and- both- taught
postgraduate-and undergraduate students working on dissertations/projects

Theindi

jual undertaking the research activ

is known as the “principal researcher”

This-form must be-completed-and-approvedprior to undertaking-any research-acti

SECTION-A:-About You-(Principal-Researcher)

Full Name: Ziyan Li
25 | Student Number 2304724

iyan859@gm

3¢ | Email address: com:

4 | Programme of Study Software Engineering and-Artfcial Itelligence

5 | Director of Studies/Supervisor:

SECTION-B:-Internal-and External-Ethical-Guidance Materials

Please it the core ethical guidance documents that have been referred to during the completion o
this form (including any discipline-specific codes of research-ethics, location-specific dodes of
research ethics, and-also any specific ethical guidance relating to the proposed methodology)
Please tick to-confirm that your research proposal adheres to these codes and guidelines. You may
add rows to this table if needed

UWTSD-Research-Ethics-& Integrity Code of Practice: =
24 | UWTSD Research Data Management Policy: =
o

SECTION:C:Details of Research Activi

14 |Indicative title:¢| Polarization State Extraction-and-Modelling in- Optical Vector Network Analyzer.

Proposed start Proposed end
20 | Gatm 0110272024 e 2810812024

Introduction to-the-Research-(maximum300 words-in-each section)

Ensure that you-write for-a-Non-Specialist Audience when outlining your response to the three-
points-below:

= Purpose of Research Activity
- Proposed Research Question:

= Aims of Research Activity

Objectives of Research Activity

Demonstrate, briefly, how Existing Research has informed the proposed activity and explain

Approval- Form— Engineering-Students-Only
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What the research activty wil &dd to the body of knowledge
How it addresses an area of importance.

Purpose-of Research-Act
In-recent years, with the ise-of surface nanoscale-axial photonics devices, they have become a hot
topic-and focus in modem optical research. Researchers typically use optical vector network
analysers for their studies. Due to the fundamental imitations of the vector analyser, the information
obtained s often an average of two orthogonal-polarization states. However, in actual-scientiic
research, researchers often focus more-on the-exploration of individual-orthogonal polarization states.
The purpose of this project s to decompose-and extract mixed polarization state-information in the
optical-vector network analyser - Through appropriate algorithms and programming language
modelling, this-project aims to-accomplish the exraction and identification of single-light information.

thus-addressing the shortcomings of existing-equipment
s box shoukd expand as you ype

Research-Question
How-can the optical vector network analyser overcome its fundamental fimitations, especially when
dealing with the deficiencies in processing polarization state-data-during usage?

(this bor should expand as you type)

‘Aims-of Research-Activity’

The research purpose of this-projectis to-address the limitations of the-analyser in handiing
polarization states by using appropriate-algorithms and-establishing models to accurately identify
characteristic pattems and extract the-correct signals of a single polarization state, which enhances
the data-analysis process and simplify the complexity of data processing

s bor shoukd expand as you ype)

Objectives-of Research Activity:

1 Design and implement a singular value-decomposition program based on existing algorithms to
precisely analyse and process data-obtained from an optical vector network analyser.

2.-Use improved algorithms to extract single polarization state optical signals to-enhance the precision|
and efficiency of data processing and optimize the data analysis workflow, making the process from
raw-data to result output quicker and more-accurate.

3. Utiize programming languages to implement automatic recognition and segmentation of the-
insertion loss plots-output by the optical vector network analyser, simplifying manual-operations and
reducing human-errors_ Implement improvements in the image output functionality for automated
analysis and processing

4By processing and analysing experimental data, test the effectiveness-and practicality of the
program.-Additionally, compare the algorithm resuits with-existing technologies and methods to-
assess their degree of improvement and practical-application value.

s bor shoukd expand as you ype)

Proposed-data-collection methods {maximum-600 words)

Provide a brief summary of all the methods that may be used in the research-activity to collect data,
making it clear what specific techniques may be used. If methods other than those listed in this
section are deemed appropriate later, additional-ethical approval for those methods will be needed
You do not need to justify the methods here, but should instead describe-how you intend-to-collect the
data necessary for you to complete-your project

1 Collecting from Optical and Photonics Research Insttutions- Some universities and research
institutions might publish their research data. For example, centers for optoelectronics or photonics
Iabs might share some basic measurement data-as samples or for educational purposes.
2_Collecting from Professional Databases-and Journals Some scientific databases-and journals
might include data appendices or supplementary materials with their publishedarticles. For example,
IEEE Xplore or SpringerLink sometimes offer access to-experimental data related to their articles.

3. Collecting from Online Data Sharing Platforms: Platiorms like Kaggle, Eigshare, or Zenodo,allow
researchers to upload-and share their data. These platforms provide search and access
functionalties for users to find datasets.

lAugust 2
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4 Direct Contact with Authors: I find relevant papers or research reports butno direct access to the
data, you might consider contacting the-authors directly to request data sharing. Many researchers
are willing to share their data to-advance scientfic progress.

(this box should expand as you type)

SECTION-D:-Scope-of-Research-Activity:

<
P
z
g

the research-activity include:

1< | Use of a questionnaire or similar research instrument?.

Use of interviews?.

Use of focus groups?

Use of participant diaries?

Use of computer-generated log files?.

Participant observation with their knowledge?

Participant observation without their knowledge?

"Access 1o personal or confidentialinformation without the participants' speciic

consent?

10| Adminisiration of any quesions, fest stmul, presentation that may be
experienced as physically, mentally or emotionally harmful / offensive?

11| Performance of any acts which may cause embarrassment or affect seff-esteem?

2
3
4
5| Use of video or audio recording?
6
7
5
9

12| Investigation of participants involved i llegal activities?

13| Use of procedures that involve deception?.

14| Administration of any substance, agent or placebo?

15| Working with live vertebrate animals?.

o|lo|o|o|o|o|o|o|o|lo|o|o|o|o|o|o
HEREREER D EEERRE (R

16| Procedures that may have a negative impact on the environment?.

7| Other primary data collection mefhods. Please indicate the type of data collection
method(s) below.

Details of any other primary data collection method

o
=

(this borcshould expand as you type)

If you have ticked NO-to every-question then the research-actvity is-(ethically) I
section E and continue to section

isk and-you may-skip

IFYES to-any ques
obtained

n, then no research-activity should be undertaken untilfull-ethical approval has been

Who are the intended-participants:
YEs<| No.

14| Students or staff at the University? o:| o

2| Aduls (over the age of 18 and competent to give consent)? o-| o
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Vulnerable adults?

Children and Young People under the age of 187 (Consent from Parent, Carer or
Guardian will be required)

Prisoners?

Young offenders?

Those who could be considered to have a particularly dependent ref
the investigator or a gatekeeper?

People engaged in ilegal activities?

OthersPlease indicate the participants below, and speciically any group who
9| may be unable to give consent

nship with

o
o

Detalls of any other participant groups:

Participant numbers and-source
Provide an estimate of the expected number of participants. How will you identiy participants and
how will they be recruited?

How many participants are
104 expected?

1] Who willthe participants be?

12| How will you identify the
participants?

Tnformation for participants:
ves: | No:| N

.| WiTyou describe The main research procedures to partiipants n ol ol o
advance, so that they are informed about what to expect?

14 Willyou tell partcipants that their participation is voluntary? o | o | o

15 Willyou obtain writen consent or participation?” o | o| o

6. WiTyou explain o participants that refusal o paricpate i the ol ol o
research will not affecttheir treatment or education (i relevant)?
Tfihe research is observational, vl you ask pariicipants for their

17¢] consent to being observed?. o o o

.| Wil youtel-paricipants thatthey may withdraw fom e researcha |- | oo | o
any fime and for any reason?

79| With questionnaires, willyou give partcipants the option of omiting ol ol o
questions they do not want to answer?

0] Wil you tell pariciparts that thei data wibe treated with ull ol ol o
confidentialty and that, if publshed. it willnot be identifable as theirs?

1] Wil you debrif partcipants at the end of their paricipation. maway | o | g | o
appropriate to the type of research undertaken?

22| INOto any of above questions, please give an explanation
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Information-for-participants: YES: | NO-| NIA

24,

Will participants be paid?

25

Is specialist electrical or other equipment to be used with participants?

26

‘Are there any financial or other interests to the ivestigator or
University arising from this study?

21

olo|o|o
ojo|o|o
olo|o|o

the research activity involve deliberately misleading participants in
any way. or the partial or full concealment of the specific study aims?

28

IFYES o any question, please provide full details

SECTION-F:A)

pated Risks:

Outline-any anticipated risks that may-adversely affectany of the-participants, the
researchers and/or the University, and the-steps that will-be taken to-address them.

Risks to participants:
For example: sector-specific health & safety, emotional distress, financial disclosure, physical harm,

1| transfer of personal data, sensiiive organisational information. If you have identified in secfion D
that there are no participants then enter N/A and go skip to-question 3
Risk to-participants How yourwil migete the 15k o pariciparts
NiA NI
& embarassing or Upsetling opics (e g. sexual activity
drug use) or issues likely to-disclose information requiring further action (e g criminal-activiy). give
.. | details of the procedures to deal with these issues, including any supporadvice (e.. helpline
numbers) to be offered-to participants.-Note that where applicable, consent procedures should
make it clear that if something potentially or actually illegal-is discovered:in the course-of a project,
it may need to be disclosed to the proper authorities
NIA
Risksto the investigator-
3¢ | For example: personal health & safety. physical harm, emotional distress, risk of accusation of
harm/impropriety, confiict of interest
Risk o the investigator Fow yourwil migete e sk To re nvestigalor
Physical damage caused by uninterrupted This project s achieved through algorithm and
research model training.-Investigator should arrange the
(this o project schedule reasonably to-avoid overwork
P

For example- adverse publicity. financial loss, data protec

Risk to the University How you wil migate e 1ok To the Uvers
The-data used in the project may be leaked if not | Il follow the university’s research ethics and
strictly protected research integrity, regulations, the code of

practice. Al codes will be implemented within
the scope of the University's permission. Al
data wil be handled:in-accordance under
GDPRIDPA2018,

al-Form —Engineering Students-Only
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T (bl box shoudexpand 5
Environmental risks

For example: accidental spillage of pollutants, damage to local ecosystems:

Risk o the-environment How you il migete the risk o emviranment
NI NI

SECTION-G: Feedback, Consent-and Confidentiality

If you have identified in section D that there are no pariicipants then-enter skip this secfion and coninue to
secion H.
7= [ Feedback
What de-briefing and feedback will be provided to partcipants, how vl this be done and when?
27 [Informed-consent
Describe the armangements to inform potential pariicipants, before providing consent, of whatis
involved in partcipating. Describe the arrangements for pariicipants o provide full consent before
data colleciion begins. If gaining consent in ths way is inappropriate, explain how consent will be
3 -FAnonymity

Set out how-anonymity of participants and-confidentiality will be ensured in any outputs. If
anonymity is not being offered, explain why this i the case

SECTIONH: Data-Protection-and-Storage-

Does the research activity involve personal data (as defined by the General
Data Protection Regulation 2016 "GDPR" and the Data Protection Act 2015 YEs< | NO
“DPA")?

“Personal data” means any information relating fo & identied or
identifiable natural person-(‘data subject). An identifiable natural
person is-one who can-be identified, directly or indirecty, in
particular by reference to-&n identifier such as & name, an
identification number, location data, an-online identifier or to one-or-
‘more factors specific fo the physical, physiological, genetic, mental,
economic, cultural or social identity of that natural person. Any
video or audio recordings of participants is Gonsideredto be
ersonal date

IFYES, provide a-description of the data and explain why this data needs to be collected

Does itinvolve special category data (as defined by the GDPR)?< YEs | No

“Special category-data” means sensiive personal data consisting of a a
information as to the data subjects’—

(2) racial or ethnic origin,

(b) political opinions.= o-

lAugust 202
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(eI relgious beliefs or oiher bellefs OF & similar naiure,
(d) membership-of a trade union (within the meaning of the Trade
Union and Labour Relations (Consoldation) Act 1992),~

(e) physical or mental heath or condition,

(0 sexual e,

(g) genetics,
(h) biometnc data (as used for ID purposes),

TFYES, provide a-description of the special category data and explain why this data needs to be
collected:=

N
data-from the research-activity {collected data, drafts of the thesis,or | YES< | NO!
materials for publication)-be stored-in-any of the following -ways?
5¢ | Manualfiles (i.e. in paper form)? o =
6| University computers? = o
74| Private company computers?: o =
8| Home or other personal computers?: o =
9| Laptop compurters/ CDs/Portable disk-drives/ memory sticks? = o
10+ “Cloud™ storage-or websites?. o =
17| Other—specity = o
For all stored data, explain the measures in-place to-ensure the securty of the data collected, data
12| confidentiality, including details of backup procedures, password protection, encryption,
anonymisation and pseudonymisation
Allsensitive data-are-encrypted using strong-encryption protocols to-protect against unauthorized
access during transmission and storage. Data-anonymization and pseudonymization techniques
are-applied where necessary. For backup procedures, data are regularly backed up-to-secure,
encrypted storage solutions with access restricted-to-authorized-personnel only.-Password
protection is-enforced on allsystems handiing the data, requiring complex passwords that are
changed regularly.
Data-Protection
the research-activity involve any of the following aciviies: YES: | NO
13| Electronic transfer of data in any form? o =
Sharing of data with others at the Universiy outside of the Immediate research
141 team? = =
15| Sharing of data with other organisations? o =
16| Export of data-outside the UK or importing of data from outside the UK? [E] =
17 Use of personal-addresses, postcodes, faxes, emails or telephone numbers? o =
18] Publication of data that might allow identlfication of individuals? [E] =
19| IFYES to-any-question, please provide ull detail, explaining how this will be conducted in
accordance with the GDPR and Data-Protection Act (2018) (and/or any intemational equivalent)
A
20 Listall who will have access to the data generated by the research activity:

oval e

—Engineering Students
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The principal researcher:

21| Listwho wil have control of, and act as custodian(s) for, data generated by the research actviy:
The principal researcher.

2] Give detlls of data storage arrangements, incuding securfty measures i piace o profect he data.
where data will be stored. how long for. andin what form.
'All data-will be-encrypted and kept in password protected cloud storage on the University Ofiice 365
system which will-not be-shared. Any USB sticks used-to-store-or transfer data-wil be-password
protected, and will be reformatted-at the-end-of the projectin order to-destroy the data. The-data will
be stored unti the-completion of the project and-then deleted.
‘Confirm that you have read the UWTSD guidance on data management (see

22¢| ttps/lwww uwtsd ac ukllibrarylresearch-data-management =
Confimn that you are aware that you need to keep all data unti after your

23] research has completed or the end of your funding: =
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obligations and the ights of the participants.

In-submitting-his- application |- hereby- confirm:that |- undertake to- ensure-that:the- above-named
research activity will meet the University's Research Ethics-and Integrity- Code-of Practice which is
published on the website: hitps/jwww uwtsd ac uklresearchiresearch-ethics’-

14| Signature of applicant: | Ziyan Li Date:01/05/2024:
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Studies/Supervisor

3¢/ Signature:
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v #!/usr/bin/env python3 a12 A79 Y7
# -%- coding: utf-8 -x-

# Import the corresponding data package
~ import PIL.ImageShow

import pandas as pd

import numpy as np

import glob

import cmath

import math

from scipy.optimize import minimize

v # %% Get the Data
# Global settings

DataPath = 'D:\Software\MasterProjectRelated\FiberCut\Test90' # Specify the data storage location

filenames = glob.glob(DataPath + '/%2020S11test-*.csv') # Search for the file
1 = 196 # 1304row to 1499row

number_of_file = len(filenames)

z_step = 2

Del = 0

Lambda = 1e-8 # a penalty factor for finding the constrained optimization value
C = 3e8

LUNA_res = 1.25e-3

WavelenthAll = np.linspace( start: 1550.05, stop: 1550.3, 1449 - 1254) # Divide the range from 1550.85 to 1558.3 into 195 parts
WavelengthAxis = WavelenthAll[Del:len(WavelenthAll) - Del]l # Prepare the coordinates for the final image

Zz_P12 = np.linspace( start: 1, z_step * number_of_file, num: 160)
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# A big loop for different file
J_z = np.zeros( shape: (1, number_of_file, 2, 2), dtype=complex)
Insersionloss2 = np.zeros((1, number_of_file))
smoothingfactor = 5
for file in filenames: # Iterate through all the folders in the current directory in a loop
position = int(file[-8:-4]) # number of file
df = pd.read_csv(file, header=None) # Read the comma-separated values (CSV) file names and return them to "df’
[rownum, colnum] = df.shape # Construct a matrix equivalent to the content stored in “df"
Data_z = np.array(df.iloc[1303:1499, :].reset_index(drop=True)) # Select rows 1034 to 1499 from "df as ‘Data_z’
wavelength = Data_z[:, 0] # Extract the first column of the "Data_z' matrix as the wavelength
wave = np.linspace(wavelength[0], wavelength[-1], len(wavelength)) # Divide the wavelength into equal intervals
index = np.arange(l, len(wavelength) + 1) # Transpose, converting row vectors into column vectors
J_z[:, position, 0, 0] = Data_z[:, 2] + 1j % Data_z[:, 3]
# Use a loop to place the third and fourth columns of each row in ‘Data_z’
# into all rows of the 'J z matrix at the "position’-th column's Jones matrix. The same applies for the following columns.
J_z[:, position, 0, 1] = Data_z[:, 4] + 1j % Data_z[:, 5]
J_z[:, position, 1, 0] = Data_z[:, 6] + 1j % Data_z[:, 7]
J_z[:, position, 1, 1] = Data_z[:, 8] + 1j * Data_z[:, 9]
InsersionLoss2[:, position] = Data_z[:, 1]
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# %%Matrices definitions

# F_in11 = @(x)exp(-1i*x(1)/2)*exp(-1i*x(2))*cos(x(4));
# F_in12 = @(x)exp(-1i%x(1)/2)*exp(-1ixx(3))*sin(x(4));
# F_in21 = @(x)-exp(-1i*x(1)/2)*exp(1i*x(3))*sin(x(4));
# F_in22 = @(x)exp(-1i%xx(1)/2)*exp(1ixx(2))*cos(x(4));

# F_outll = @(x)exp(-1i*x(5)/2)xexp(-1i*x(6))*cos(x(8));

# F_outl2 = @(x)exp(-1i*x(5)/2)xexp(-1i*x(7))*sin(x(8));

# F_out21 = @(x)-exp(-1i*x(5)/2)*exp(1i*x(7))*sin(x(8));

# F_out22 = @(x)exp(-1i*x(5)/2)*exp(1ixx(6))*cos(x(8));

4 usages

def F_in11(x): # In Python, you need to define a function before you can call it.
return cmath.exp(-1j * x[0] / 2) * cmath.exp(-1j * x[1]) * cmath.cos(x[3])
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4 usages
def F_in12(x):
return cmath.exp(-1j * x[0] / 2) * cmath.exp(-1j * x[2]) * cmath.sin(x[3])

4 usages

return -cmath.exp(-1j * x[8] / 2) * cmath.exp(1j * x[2]) * cmath.sin(x[3])

4 usages
def F_in22(x):
return cmath.exp(-1j * x[8] / 2) * cmath.exp(1j * x[1]) * cmath.cos(x[3])

2 usages
def

2 usages
def F_out120x):
return cmath.exp(-1j * x[4] / 2) x cmath.exp(-1j * x[6]) * cmath.sin(x[7])

2 usages

return -cmath.exp(-1j * x[4] / 2) * cmath.exp(1j * x[6]) * cmath.sin(x[7])
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2 usages
def F_out220):
return cmath.exp(-1j * x[4] / 2) * cmath.exp(1j * x[5]) * cmath.cos(x[7])

# %% Minimisation
# dl = (max(wavelength)-min(wavelength))/(len(wavelength)-1)
WL_P11 = np.linspace(min(wavelength), max(wavelength), len(wavelength))

ILmax_dB = np.zeros((len(Data_z[:, 0]), number_of_file))

# Generate a zero matrix with the number of rows equal to “length(Data_z(:,1))"
# and the number of columns equal to "length(files_z_step) .

ILmin_dB = np.zeros((len(Data_z[:, 0]), number_of_file))

ILmax_part2
ILmin_part2

np.zeros((len(Data_z[:, ©]), number_of_file)) # Define the zero matrices "ILmax_part2’ and "ILmin_part2’.
np.zeros((len(Data_z[:, 0]), number_of_file))

k0 = np.array([0.74, 0.50, 0.48, 0.90, 0.61, 0.62, 0.86, 0.81])
z0 = 36

a = np.zeros( shape: (1, 1), dtype=complex)

b = np.zeros( shape: (1, 1), dtype=complex)

c = np.zeros( shape: (1, 1), dtype=complex)

d = np.zeros( shape: (1, 1), dtype=complex)
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112 v for j in range(len(Data_z[:, 0])):

113 alo, 31 = J_z[j, 20 - 1, 0, 8] # Use matrices "a’, 'b’, "c’, and 'd’ to store the first row and first column
114 ble, j1 = J_z[j, z8 - 1, 0O, 1]

115 c[o, j1 = J_z[j, z6 - 1, 1, 0]

116 dfe, j1 = J_z[j, z8 - 1, 1, 1]

117

118

119 v # J_R12 = @(x,a,b,c,d)(F_outl11(x)).*(a.*(F_in21(x))+b.*(F_in22(x)))+(F_out21(x)).*(c.*x(F_in21(x))+d.*(F_in22(x)));
120 # J_R21 = @(x,a,b,c,d)(F_out12(x)).x(a.*x(F_in11(x))+b.*(F_in12(x)))+(F_out22(x)).*(c.*(F_in11(x))+d.*(F_in12(x)));
121

122 # J_R11 = @(x,a,b,c,d) (F_out11(x)).*(a.*x(F_in11(x))+b.*(F_in12(x)))+(F_out21(x)).*(c.*(F_in11(x))+d.*(F_in12(x)));
123 # J_R22 = @(x,a,b,c,d)(F_out12(x)).x(a.*x(F_in21(x))+b.*(F_in22(x)))+(F_out22(x)).*(c.*(F_in21(x))+d.*(F_in22(x)));
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2 usages

return (F_outll(x)) * (a * (F_in21(x))

2 usages

return (F_out12(x)) * (a * (F_in11(x))

1usage

return (F_outll(x)) * (a * (F_in11(x))

1usage

return (F_out12(x)) * (a * (F_in21(x))

# Cost function Define the loss function
# vl =@(x) J_R12(x,a,b,c,d);
# v2 =@(x) J_R21(x,a,b,c,d);
2 usages
def vi(x):
return J_R12(x, a, b, c, d)

+

+

+

+

b * (F_in22(x)))

b * (F_in12(x)))

b * (F_in12(x)))

b * (F_in22(x)))

(F_out21(x))

(F_out22(x))

(F_out21(x))

(F_out22(x))

*

*

*

*

(c * (F_in21(x))

(c * (F_in11(x))

(c * (F_in11(x))

(c * (F_in21(x))

+

+

+

+

d * (F_in22(x)))

d * (F_in12(x)))

d * (F_in12(x)))

d * (F_in22(x)))
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2 usages
def v2(x):
return J_R21(x, a, b, c, d)

# OLS = @(x) sum(sgrt((real(vl(x)).”2 + imag(v1(x)).”2 + real(v2(x)).”2 + imag(v2(x))."2)));
# Define the OLS expression, which represents the square root of the sum of the magnitudes of "v1' and ‘"v2'.
1usage
def OLS(x):
return (np.sqrt(vi(x).real ** 2 + vi(x).imag ** 2 + v2(x).real *x 2 + v2(x).imag ** 2)).sum()

1usage
def simp_unwrap(input):
# a simple unwrapping
Al = input
# step=len(Al)
# for i in range(step):
# if A1[i]<@:
# A1[1i]=A1[i]+2xcmath.pi;
if Al < 0:
Al = Al + 2 * cmath.pi
return Al
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v # opts = optimset('MaxFunEvals', 50000, 'MaxIter',610000);
# [B,fvall = fminsearch(OLS,ko,opts);

res = minimize(OLS, k@, method='nelder-mead', options={'maxiter': 10000, 'maxfev': 56000})
B = res.x

fval = res.fun

GD = np.zeros((l, number_of_file))

v for i in range(number_of_file):

= np.zeros( shape: (1, 1), dtype=complex)
= np.zeros( shape: (1, 1), dtype=complex)
= np.zeros( shape: (1, 1), dtype=complex)
= np.zeros( shape: (1, 1), dtype=complex)

o o T o
1
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for j in range(len(Data_z[:, 0]1)):
ale, j] = J_z[j, i, 0, 6]
b[o, j1 = J_z[j, i, 6, 1]
clo, j1 = J_z[j, i, 1, 0]
dfe, j1 = J_z[j, i, 1, 1]

JR11 = J_R11(B, a, b, c, d) # Substitute the above four functions to compute "JR11°, "JR12°, "JR21°, and "JR22".
JR12 = J_R12(B, a, b, c, d)
JR21 = J_R21(B, a, b, c, d)
JR22 = J_R22(B, a, b, c, d)

JD = np.zeros( shape: (2, 2), dtype=complex)
for j in range(len(Data_z[:, ©])): # For each wavelength, construct the “JD  matrix.

Jb[e, 8] = JrR11i[e, j]

Jo[e, 1] = JrR12[e, j]

JD[1, 8] = JR21[@, J]

JD[1, 1] = JR22[0, j]

# print("The main diagonal: ",JD[0,0]*JD[1,1])

# print("The anti-diagonal: ", JD[®, 1] % JD[1, 0])
S = JD.T * JD
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Ilmax_dB[j, 1] = 20 % math.log(abs(S[0, 0]), base: 10) # Calculate the maximum insertion loss in decibels |
Ilmin_dB[j, i] = 20 * math.log(abs(S[1, 1]), base: 18) # Calculate the minimum insertion loss in decibels |
ILmax_part2[j, i] = JD[O, 0] % JD[1, 1]
ILmin_part2[j, i] = JD[B, 1] = JD[1, O]

for j2 in range(l, len(Data_z[:, 0])):
6D[j2, i] = abs(simp_unwrap(cmath.phase(JR22[0, j2] * JR22[0, j2 - 1].conjugate()))) / (
2 % math.pi * C * (LUNA_res / wavelength[j2] / wavelength[j2 - 11))
# %Calculate the "GD™ (Group Delay) from the second wavelength to the last wavelength.

ILmax_dB_P12 = ILmax_dB
ILmin_dB_P12 = ILmin_dB

# %%Plots
import matplotlib.pyplot as plt

# imagesc(z_P12,WavelengthAxis,InsersionlLoss2);

X = z_P12

y = WavelengthAxis

z = InsersionLoss2
[row, col] = z.shape
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# plt.figure()
fig, ax = plt.subplots()
c = ax.matshow(z,
cmap="jet",
aspect="auto',
interpolation="'nearest’,
origin="'lower"'
)
cbar = fig.colorbar(c, ax=ax)
char.set_label(r'$P_{11} (dB)$', size=25)
number_of_interval = 5
plt.xticks(ticks=np.linspace( start: 0, col, number_of_interval), labels=np.linspace(x.min(), x.max(), number_of_interval),
size=25)
plt.yticks(ticks=np.linspace( start: 0, row, number_of_interval), labels=np.linspace(y.min(), y.max(), number_of_interval),
size=25)
ax.xaxis.set_ticks_position('bottom')
plt.xlabel( xlabel: r'Distance ($\mu m$)', size=25)
plt.ylabel( ylabel: r'Wavelength ($nm$)', size=25)
plt.title( label: r'$(a)$', size=25)
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import cv2

imagesc(z_P12,WavelengthAxis,ILmax_dB);
= z_P12

= WavelengthAxis

= ILmax_dB

N < X %

[row, col] = z.shape

# plt.figure()
fig, ax = plt.subplots()
c = ax.matshow(z,
cmap="jet",
aspect="auto',
interpolation="'nearest’,
origin="'lower"'
)
cbar = fig.colorbar(c, ax=ax)
char.set_label(r'$P_{11} (dB)$', size=25)
number_of_interval = 5 # HEX
plt.xticks(ticks=np.linspace( start: 0, col, number_of_interval), labels=np.linspace(x.min(), x.max(), number_of_interval),
size=15)
plt.yticks(ticks=np.linspace( start: 0, row, number_of_interval), labels=np.linspace(y.min(), y.max(), number_of_interval),
size=15)
ax.xaxis.set_ticks_position('bottom')
plt.xlabel( xlabel: r'Distance ($\mu m$)', size=25)
plt.ylabel( ylabel: r'Wavelength ($nm$)', size=25)
plt.title( label: r'$(a)$', size=25)
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# imagesc(z_P12,WavelengthAxis,ILmin_dB);
X = z_P12

y = WavelengthAxis

z = ILmin_dB

[row, col] = z.shape

# plt.figure()
fig, ax = plt.subplots()
c = ax.matshow(z,
cmap="jet",
aspect="auto',
interpolation="'nearest’,
origin="'lower"'
)
cbar = fig.colorbar(c, ax=ax)
char.set_label(r'$P_{11} (dB)$', size=25)
number_of_interval = 5
plt.xticks(ticks=np.linspace( start: 0, col, number_of_interval), labels=np.linspace(x.min(), x.max(), number_of_interval),
size=25)
plt.yticks(ticks=np.linspace( start: 0, row, number_of_interval), labels=np.linspace(y.min(), y.max(), number_of_interval),
size=25)
ax.xaxis.set_ticks_position('bottom')
plt.xlabel( xlabel: r'Distance ($\mu m$)', size=25)
plt.ylabel( ylabel: r'Wavelength ($nm$)', size=25)
plt.title( label: r'$(a)$', size=25)
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# imagesc(z_P12,WavelengthAxis,ILmin_dB);

X = z_P12

y = WavelengthAxis

z = ILmax_part2 # Store the values of the main diagonal.
[row, col] = z.shape
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# plt.figure()
fig, ax = plt.subplots()
c = ax.matshow(z,
cmap="jet",
aspect="auto',
interpolation="'nearest’,
origin="'lower"'
)
char = fig.colorbar(c, ax=ax)
# cbar.set_label(r'$P_{11} (dB)$')
plt.xticks(size=25)
plt.yticks(size=25)
number_of_interval=5
plt.xticks(ticks=np.linspace(8,col,number_of_interval),labels=np.linspace(x.min(),x.max(),number_of_interval))
plt.yticks(ticks=np.linspace(®,row,number_of_interval),labels=np.linspace(y.min(),y.max(),number_of_interval))
ax.xaxis.set_ticks_position('bottom')
plt.xlabel(r'Distance ($\mu m$)')
plt.ylabel(r'Wavelength ($nm$)"')
ax.xaxis.set_ticks_position('bottom')
plt.xlabel( xlabel: r'Distance ($\mu m$)', size=25)
plt.title( label: r'main-diagonal', size=25)

I

x = z_P12

y = WavelengthAxis

z = ILmin_part2 # Store the values of the anti-diagonal.
[row, coll = z.shape
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# plt.figure() A
fig, ax = plt.subplots()
c = ax.matshow(z,

cmap="jet",

aspect="auto',

interpolation="'nearest’,

origin="'lower"'

)

cbar = fig.colorbar(c, ax=ax)

# cbar.set_label(r'$P_{11} (dB)$')

plt.xticks(size=15)

plt.yticks(size=15)

# number_of_interval=5

# plt.xticks(ticks=np.linspace(0,col,number_of_interval),labels=np.linspace(x.min(),x.max(),number_of_interval))
# plt.yticks(ticks=np.linspace(0,row,number_of_interval),labels=np.linspace(y.min(),y.max(),number_of_interval))
ax.xaxis.set_ticks_position('bottom')

plt.xlabel( xlabel: r'Distance ($\mu m$)', size=15)

# plt.ylabel(r'Wavelength ($nm$)')

plt.title( label: r'counter-diagonal', size=15)

B g g g g g

# Below is the mode field segmentation part

ILmax_dB_min = np.min(ILmin_dB)

ILmax_dB_max = np.max(ILmin_dB)

ILmax_dB_mean = np.mean(ILmin_dB)

ILmax_dB_average = np.average(ILmin_dB) # Calculate the maximum, minimum, and average values of ILmin_dB separately
# Ilmax_dB_C = (((ILmax_dB+22)%10)**2%2).astype(np.uint8)
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ILmax_dB_C = ((ILmin_dB - ILmax_dB_min) / (ILmax_dB_max - ILmax_dB_min) * 255).astype(np.uint8)

v # Convert the matrix ILmin_dB to an image with pixel values ranging from O to 255, and round down the pixel values
# Ilmax_dB_C = (((ILmin_dB-ILmax_dB_mean)/(ILmax_dB_average))*255).astype(np.uint8)

# ILmax_dB_C=cv2.flip(cv2.flip(ILmax_dB_C, 1),0)
_, thl = cv2.threshold(ILmax_dB_C, thresh: 170, maxval: 255, cv2.THRESH_BINARY)

v# _, th2 = cv2.threshold(ILmax_dB_C, 50, 255, cv2.THRESH_BINARY_INV)
# th=thl+th2

# cv2.imshow('th1',th1)

# Use cv2.threshold for binary thresholdil
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row_zero = []
col_zero = [] # The variable col_zero stores all non-zero values
v for i in range(thl.shape[0]):
if not thi[i, :].all():
row_zero.append(i) # If the i-th column has a 0, add i to the row_zero list.
v for i in range(thl.shape[1]):
v if tha[:, i].all1():
col_zero.append(i) # If all values in column i are not zero, add i to the col_zero list.
# Find the continuous region of the shape by iterating through the loop
col_start = []
col_end = [] # Record the start and end points
v if col_zero[B] > 50:
col_start.append(0)
col_end.append(col_zero[0])
# Check if there is a segment of shape before the first non-zero column
v if len(col_zero) > 2:
v for i in range(1, len(col_zero) - 2):
v if col_zero[i + 1] - col_zero[i] > 2: # Check if the difference between the indices to remove noise
col_start.append(col_zero[i])
col_end.append(col_zero[i + 1])
v if thl.shape[1] - col_zero[-1] > 50:
col_start.append(col_zero[-1])
col_end.append(thl.shape[1])
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# print('row: ',row_zero) Al
# print("column: ",col_zero)

print("There are a total of %d complete images" % min(len(col_end), len(col_start)))

print("Column where the bat's head is located:", col_start)

print("Column where the bat's tail is located:", col_end)

# cv2.imshow('1',ILmax_dB_C)

# cv2.imshow('th', th)

cv2.imshow('th2',th2)
Remove incomplete patterns
if col_end and col_end[0]:
_all = []
for star, end in zip(col_start, col_end):
z_all.append(ILmin_dB[:, star:end])
# Extract the data for all rows whose columns range from start to end and add these sub-matrices to the z_all list
# for i in col_zero:
# z[:,i] = -30
# fig, ax = plt.subplots(ncols=len(z_all) if len(z_all)<=3 else 3)

N 3

fig, ax = plt.subplots()
plt.xticks(ticks=[], labels=None)
plt.yticks(ticks=[], labels=None)

ax =[]
for i, z in enumerate(z_all): # Iterate over each submatrix z in the z_all list and plot each submatrix
# if i==0:

# ax[i].yaxis.set_ticks(ticks=np.linspace(@, row, number_of_interval),

# labels=np.linspace(y.min(), y.max(), number_of_interval))
# plt.ylabel(r'Wavelength ($nm$)"')
# else:
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# ax[i].yaxis.set_ticks([])
[row, col] = z.shape
# col_s = col_star[i]
# col_e = col_end[i]
ax.append(fig.add_subplot(1l, len(z_all) if len(z_all) <= 5 else 5, i % 5 + 1)) # Adding a new subgraph
c = ax[i % 5].matshow(z,

cmap="jet",

aspect="auto',

interpolation="'nearest’,

origin="'lower"'

) # Use the m

ow function to plot the subgraph
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number_of_interval = 5

plt.xticks(ticks=[], labels=None, size=25)

# ax[i%5].xaxis.set_major_locator(plt.NulllLocator())

# ax[i%5].xaxis.set_major_formatter(plt.NullFormatter())

# plt.xticks(ticks=np.linspace(8, col, number_of_interval),

# labels=np.linspace(x.min(), x.max(), number_of_interval))

ax[i % 5].set_xticks(np.linspace( start: @, col, number_of_interval))

ax[i % 5].xaxis.set_ticks_position('bottom")

plt.yticks(ticks=np.linspace( start: O, row, number_of_interval),

labels=np.linspace(y.min(), y.max(), number_of_interval), size=25) # Set the x-axis and y-axis scales and labels

# plt.xlabel(r'Distance ($\mu m$)"')

ax[i % 5].set_xlabel(r'Distance ($\mu m$)', size=25)

plt.title(r'$(%d)$" % i, size=25) # Add a title to each subplot

ifi!=0and (1 +1) %5 ==0 and i != len(z_all) - 1:

fig, ax = plt.subplots()
ax = [1 _# When the number of subgraph is too large (greater than 5), new image and sub-image objects are created

plt.subplots_adjust(hspace=0.4, wspace=0.4)
ax[0].set_ylabel(r'Wavelength ($nm$)', labelpad=50, size=25)
cbhar = fig.colorbar(c, ax=ax[-1])
char.set_label(r'$P_{11} (dB)$', size=25) # Iterate through the loop and plot the images

plot_ILmin_db = []

plot_ILmax_db = []
plot_InsersionLoss2_db = []

for p in range(ILmin_dB.shape[08]):
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v for p in range(ILmin_dB.shape[0]):
ILmin_db = 0
ILmax_db = O
Insersionloss2_db = 0 # Define three curves
v for i in range(10):
ILmin_db = ILmin_db + ILmin_dB[p, col_start[-1] + i]
ILmax_db = ILmax_db + ILmax_dB[p, col_start[-1] + i]
InsersionLoss2_db = InsersionLoss2_db + InsersionLoss2[
p, col_start[-1] + i]
plot_ILmin_db.append(ILmin_db / 18)
plot_ILmax_db.append(ILmax_db / 18)
plot_InsersionlLoss2_db.append(InsersionLoss2_db / 10)
# Calculate the average of the 10 pixels for ILmin_db, ILmax_db, and InsertionlLoss2_db separately

ILmin_db = 0
ILmax_db = 0

Insersionloss2_db = 0
row_zero = []
jianjian2 = thi[:, col_start[-2]:col_end[-2]]
# cv2.imshow("jianjian",jianjian2)
r=20
row_task2 = []
v for i in range(jianjian2.shape[0]):
if not jianjian2[i, :1.al11(Q):
row_zero.append(i) # Find all zero rows
print(row_zero)
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vwhile r < len(row_zero):
row_task2_t = [] # Stores the current consecutive zero-row index.
row_task2_t.append(row_zero[r])
v while r < len(row_zero) - 1 and row_zero[r + 1] == row_zero[r] + 1:
r+=1
row_task2_t.append(row_zero[r])
if len(row_task2_t) <= 3 and len(row_task2_t) > 1:
row_task2.append(row_task2_t)
r+=1
print(row_task2)
print('Task 2')
v # for row_i in row_task2:
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# Plot the graphs for ILmin_db, ILmax_db, and InsertionlLoss2_db separatel
plt.subplots()

plt.text( x: 10, -18, s: "The valuel after algorithm processing", fontdict={'size': '18', 'color': 'b'})

# plt.text(1550.0,plot_ILmin_db[B],"xxxxxxxxxxx",fontdict={'size':'16",'color':'g'})

plt.text( x: 10, -23, s: "The value2 after algorithm processing", fontdict={'size': '18', 'color': (1, 0.5, 0)})
plt.text( x: 10, -12, s: "Values without algorithm processing", fontdict={'size': '18', 'color': 'g'})
plt.rcParams['font.sans-serif'] = ['SimHei'] # Replace with sans-serif font

plt.rcParams['axes.unicode_minus'] = False # Fix the issue with the display of negative signs on the axis labels

# plt.scatter([1,2,3,4],[2,4,6,8],[10,20,30,40],[1,2,3,4],label="english')
plt.plot(plot_ILmin_db)

plt.plot(plot_ILmax_db)

plt.plot(plot_InsersionLoss2_db)

# import matplotlib

# matplotlib.rcParams['font.sans-serif'] = ['KaiTi']

plt.xticks(ticks=np.linspace( start: 0, row, number_of_interval),
labels=np.linspace(y.min(), y.max(), number_of_interval),
size=25)

plt.yticks(size=25)

plt.xlabel( xlabel: r'Wavelength ($nm$)', labelpad=20, size=25)

plt.ylabel( ylabel: r'InsertionLoss ($dB$)', labelpad=20, size=25)
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img = ILmax_dB_C A13
h, w = img.shape

edges = cv2.Canny(img, 50, 150)

lines

cv2.HoughLines(img, rho: 1, np.pi / 180, threshold: 100)

for i in range(len(lines)):

for rho, theta in lines[i]:
a = np.cos(theta)
b = np.sin(theta)
X0 = a *x rho
yo b x rho
x1 = int(x0 + w * (-b))
yl = int(y0 + w % (a))
X2 = int(x@ - w * (-b))
y2 = int(y0 - w * (a))

cv2.line(img, ptl: (x1, y1), pt2: (x2, y2), color: (B, 8, 255), thickness: 2)
# cv2.imshow("edges", edges)
# cv2.imshow("lines", img)
# cv2.waitKey()

plt.show()
cv2.waitKey(0)
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