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MicroVIP is an open source software that assembles, in a unified web-application running on distributed computing ressources, simulators of the main fluorescent microscopy imaging modalities (with existing codes or newly developed). MicroVIP provides realistic simulated images including several sources of noise (microfluidic blur effect, diffraction, Poisson noise, camera read out noise). MicroVIP also includes a module which simulates single cells with fluorescent markers and a module to analyse the simulated images with textural and pointillist feature spaces. MicroVIP is shown to be of value for supervised machine learning. It allow to automatically generate large sets of training images and virtual instrumentation to optimize the optical parameters before realizing real experiments.

Motivation and significance

Microscopy has benefited from several revolutions in the last two decades.

It is now possible to perform 3D imaging, super-resolution or highlight targeted molecules with fluorescent markers. The power of these modern microscopes is further enhanced when they are coupled to microfluidic systems automatically conveying the samples under the microscope, or when images are fed to machine learning algorithms to automate image processing. In this context, a large number of imaging systems are available for a given bioimaging question. On the instrumentation side, comparing all methods on the same sample can be time consuming. On the computational side, in era of machine learning-based image processing, the design of algorithms is driven by the need of annotated data which are also time consuming to produce. One way to overcome these bottlenecks in the optimization of instrumentation or the design of supervised machine learning algorithms is to use simulation.

Many fluorescence microscopy simulators have been proposed in the literature: for example the widefield image simulators SIMCEP and PSFGeneretors [START_REF] Lehmussola | Computational framework for simulating fluorescence microscope images with cell populations[END_REF][START_REF] Kirshner | 3-d psf fitting for fluorescence microscopy: implementation and localization application[END_REF][START_REF] Kirshner | 3d psf models for fluorescence microscopy in imagej[END_REF], the confocal image simulators ConfocalGN, CytoPacq, and PSFLab [START_REF] Dmitrieff | Confocalgn: A minimalistic confocal image generator[END_REF][START_REF] Nasse | Realistic modeling of the illumination point spread function in confocal scanning optical microscopy[END_REF][START_REF] Wiesner | Cytopacq: a webinterface for simulating multi-dimensional cell imaging[END_REF], the super-resolution simulation tools SOFI, SuReSIM and FluoSim [START_REF] Girsault | Sofi simulation tool: a software package for simulating and testing super-resolution optical fluctuation imaging[END_REF][START_REF] Venkataramani | Suresim: simulating localization microscopy experiments from ground truth models[END_REF][START_REF] Lagardère | Fluosim: simulator of single molecule dynamics for fluorescence live-cell and super-resolution imaging of membrane proteins[END_REF] or the LSFM simulation tool Biobeam [START_REF] Weigert | Biobeam-multiplexed wave-optical simulations of lightsheet microscopy[END_REF], etc. However, these tools are usually specific to a single microscopy technique. They also lack standardization, and thus do not share common sets of inputs or outputs, no common programming languages, nor common interface.

We present an open source software which assembled most fluorescent microscopy simulators in a unified web-application that runs on a large distributed computing infrastructure.

We demonstrate its value both for virtual instrumentation and for boosting data annotation in supervised machine learning problems.

Software description

In this section, we present the architecture, functionalities and illustrative examples of the MicroVIP software. For more details about the code, inputs and outputs, please refer to each module page at the project's wiki documentation: https://gitlab.in2p3.fr/guillaume.vanel/microvip/ -/wikis/home.

Software Architecture

MicroVIP offers a complete simulation pipeline in three main steps described below and represented in Figure 1. 

Module 1: Generation of biological objects

Module 2 can load any type of 3D fluorescent point cloud. To offer a baseline we created Module 1 which models chromatin (mimicking the yeast genome as described in [START_REF] Wang | Inferential modeling of 3d chromatin structure[END_REF]) in a single cell. For each chromatin chain, 100 configurations have been modeled beforehand using InfMod3DGen [START_REF] Wang | Inferential modeling of 3d chromatin structure[END_REF].

MicroVIP generates fluorescent markers placed along these chains, with distances between two consecutive markers drawn from a random distribution parameterized by the user (see 2.2.2). This module outputs the list of 3D markers coordinates (see 2.2.3), used as input of module 2.

Module 2: Microscopy image simulation

In this module, the synthetic microscopy images are generated from the 3D fluorescent markers point cloud produced by previous module or directly loaded by the user. Various fluorescence microscopy techniques can be simulated, such as wide field microscopy (WFM), confocal microscopy (CFM) [START_REF] Nwaneshiudu | Introduction to confocal microscopy[END_REF], structured illumination microscopy (SIM) [START_REF] Saxena | Structured illumination microscopy[END_REF], light sheet microscopy (LSFM) [START_REF] Huisken | Optical sectioning deep inside live embryos by selective plane illumination microscopy[END_REF][START_REF] Stelzer | Light-sheet fluorescence microscopy for quantitative biology[END_REF], and super resolution microscopy (SMLM) [START_REF] Cremer | Superresolution microscopy approaches to nuclear nanostructure imaging[END_REF].

All simulation codes are, so far, original except for the SIM [START_REF] Boland | Improving axial resolution in structured illumination microscopy using deep learning[END_REF][START_REF] Gong | Gpu-accelerated real-time reconstruction in python of three-dimensional datasets from structured illumination microscopy with hexagonal patterns[END_REF]. Moreover, this module enables imaging simulation for moving samples as found in microfluidic systems. Image acquisition is simulated taking into account biomarkers photobleaching, light diffraction within the optical system, signal noises at the camera sensor and motion blur in the case of microfluidics in order to produce an as realistic output 3D synthetic microscopy image as possible. As detailed in 2.2.2, the complete optical and image acquisition system is adjustable. An illustration of simulated images produced with this module is given in Figure 2. MicroVIP includes just the production of images (in .tiff format) which can then be exported and visualized with any standard visualizing tool. 

Module 3: Features extraction

This is the module responsible for the application of several features extraction methods on the synthetic 3D image obtained at previous module.

Three types of features are extracted, as described in [START_REF] Ahmad | Detecting differences of fluorescent markers distribution in single cell microscopy: textural or pointillist feature space?[END_REF][START_REF] Ahmad | Sorting cells from fluorescent markers organization in confocal microscopy: 3d versus 2d images[END_REF]: 2D textural features computed from the sum z-projection of the 3D microscopy image, 3D textural features extracted directly from the 3D image, and pointillist features. These latter describe the distribution of biomarker positions. They require a beforehand particle localization and are applied not to the image directly but to the localized 3D marker coordinates.

Textural features include the auto-correlation function for 2D images, local binary patterns (LBP) [START_REF] Ojala | Multiresolution gray-scale and rotation invariant texture classification with local binary patterns[END_REF][START_REF] Zhao | Dynamic texture recognition using local binary patterns with an application to facial expressions[END_REF], gray-level coocurence matrix (GLCM) [START_REF] Haralick | Textural features for image classification[END_REF][START_REF] Othmen | 3 d gray level co-occurrence matrices for volumetric texture classification[END_REF] and scattering transform (scatnet) [START_REF] Bruna | Invariant scattering convolution networks[END_REF] for 2D and 3D images. Pointillist features consist in characteristics computed from K-Ripley's function [START_REF] Ripley | Statistical inference for spatial processes[END_REF][START_REF] Ahmad | Detecting differences of fluorescent markers distribution in single cell microscopy: textural or pointillist feature space?[END_REF].

The particle localization is performed using third-party tool UNLOC detect [START_REF] Mailfert | A theoretical high-density nanoscopy study leads to the design of unloc, a parameter-free algorithm[END_REF] which has been integrated to this module.

All methods' hyper-parameters can be adjusted as described in 2.2.2, and for each of them a 1D numerical features vector is obtained, ready to use for machine learning algorithms.

Software Functionalities

Interface

MicroVIP's interface is reproduced in Figure 3. It requires only five user inputs described below.

Execution name. This field enables users to provide a name identifying their execution in order to monitor its progress in VIP. One can notably see the inputs and outputs used for an execution, and access execution logs as well as data and charts to visualize file transfer and computation times.

Results directory. This is a logical path inside VIP File Transfer structure where execution outputs will be made accessible.

Number of cells. This is the number of statistically independent instances

MicroVIP has to run with the same set of parameters except for the seed (which must be different). This allows generation of simulated data for a whole population of cells modeled with the same biological parameters and 

Configuration file

The last user input is a .ini text file containing all necessary parameters for each of the three MicroVIP modules. It gives MicroVIP the ability to be completely adaptable and customizable while maintaining the accessibility offered by a trivial graphical user interface. Several example files are available on VIP, and one of them is given in Appendix A. .ini is a standard file format for configuration files. It allows definition of parameter values as well as comments, and can be structured in several sections. MicroVIP configuration file takes advantage of these features, providing a comprehensive description of each parameter, and grouping them in sections corresponding to the module they play a role in.

Output

After completion of a MicroVIP execution, the user can find and download a .tar archive at the location they chose inside VIP File Transfer architecture. This archive is structured in four sub-directories, some of which may be empty if input parameter pipeline has been set to less than 2 (see 2.2.1). markers coordinates. This directory contains modelled ground truth biomarker 3D point clouds, stored as three columns .csv file representing each marker 3-D coordinates (x, y, z) in µm, centered around 0. This will never be an empty directory. ground truth images. This folder contains ground truth 3D image stacks of the biomarkers. These are binary images with value one where markers are present and zero everywhere else. They have the same size as final simulated microscopy images, and are stored in .tif file format. This directory will be empty if module 2 is not executed (pipeline value 0). final images. This directory contains simulated microscopy 3D image stacks in .tif file format. It will be empty if module 2 is not executed (pipeline value 0). extracted features. This folder contains 2D, 3D and pointillist features extracted for each simulated image. These are stored in .json file format, in a JSON object with keys "2D", "3D" and "Pointillist". Each key refers to a JSON object mapping features extraction method names to 1D features vectors. More information can be found at https://gitlab.in2p3. fr/guillaume.vanel/microvip/-/wikis/Features. This directory will be empty if MicroVIP module 3 is not executed (pipeline value 0 or 1). 

Illustrative Example

MicroVIP already enabled to discover non intuitive regimes where subresolved low-cost microscopes could perform as well as expansive superresolved microscopes for cell sorting [START_REF] Ahmad | Detecting differences of fluorescent markers distribution in single cell microscopy: textural or pointillist feature space?[END_REF][START_REF] Ahmad | Sorting cells from fluorescent markers organization in confocal microscopy: 3d versus 2d images[END_REF]. We provide another example where MicroVIP simulator is used to generate synthetic 3D light-sheet fluorescence microscopy images acquired in a microfluidic system with a flow rate of 50 nl/min with objective lens=60x, water immersion and NA=1.1.

Generated images and their ground truth were used to train the deep learning Content Aware Image Restoration (CARE) denoising model [START_REF] Weigert | Content-aware image restoration: pushing the limits of fluorescence microscopy[END_REF]. The model trained on synthetic data was then used to denoise real microscopy images acquired in the same conditions.

Images were simulated by adapting MicroVIP configuration file (see 2.2.2)

to match the real acquisition parameters. Figure 4 shows an illustration of simulated image and its associated ground truth binary image, as well as the result of denoising a real image. 

Impact

MicroVIP possibly interests several scientific communities including: (i) computer scientists interested in data challenge on bioimaging since they need large amount of annotated data sets, (ii) physicists interested in optimizing optical parameters with virtual instrumentation and (iii) biologists specialized in chromatin imaging in single cell (since this use case is already fully implemented). The impact of MicroVIP will be enhanced, as described in this section, thanks to the deployment of MicroVIP on the resources of the EGI e-infrastructure and via the availability of tutorials.

Virtual Imaging Platform

MicroVIP is deployed on the virtual imaging platform (VIP) [START_REF] Glatard | A virtual imaging platform for multi-modality medical image simulation[END_REF]. VIP is a web portal for simulation and analysis of medical images developed and deployed at CREATIS laboratory. In 2021, VIP counts more than 1300 registered users and approximately twenty applications. Taking advantage of computation resources made available by the EGI, VIP:

• makes scientific applications easily accessible as services within the platform,

• makes distributed computing resources easily accessible without technical knowledge necessary on parallel computing,

• allows diffusion of applications at an international scale, for open and reproducible research.

VIP is present in multiple French projects and platforms at national scale (France Grilles, France Life Imaging), and at international scale (EGI ACE, EOSC). VIP is freely accessible for the worldwide research community. Variability for measured times is however important, as between two executions numerous factors can vary: EGI total load due to other users of the service, network speed for file transfers, etc. More measures would therefore be needed in order to refine this estimation, but the order of magnitude shows the added value provided by MicroVIP deployment on VIP for large datasets simulation. 

Tutorial

MicroVIP was presented during International Symposium on Biomedical Imaging conference (IEEE ISBI 2021, April 13-16, 2021) tutorial session "A review of image annotation, augmentation and synthesis approaches for accelerating supervised machine learning in bioimaging". A hands-on was conducted, where participants simultaneously tested the application by simulating one cell under several imaging conditions. To this aim, six configuration files were prepared beforehand and made available under VIP File Transfer system, so that participants could simply select them to run simulations without needing to download and modify the configuration file themselves. Tested conditions were Widefield, Light-Sheet, Confocal, 2beam and 3-beam Structured Illumination Microscopy without microfluidics, as well as Widefield with microfluidics (cell speeds of 140 and 400 µm/s). A tutorial video for MicroVIP was recorded. It is available at https://uabox.univ-angers.fr/index.php/s/rFQNUmlUkaXh2yQ.

Conclusions

In this article, we presented MicroVIP, a microscopy image simulator that assembles the main fluorescence microscopies in a single web application. On top of this generic functionality, MicroVIP also includes: (i) a specific use case to generate single cells with markers located on chromatin (ii) a set of standard textural textural and pointillist features to feed machine learning algorithms.

We have illustrated the interest of this software to generate at highthroughput large datasets for training machine learning algorithms or to optimize optical systems via virtual instrumentation. The software is available for public use with an easy interface via Virtual Imaging Platform (VIP).

Its code is accessible online under GNU GPL license, along with a comprehensive documentation wiki.

MicroVIP already enabled realistic simulation of single-cell fluorescent microscopy imaging for a wide variety of microscopes. Any further development would still be possible, either by its authors or by the community taking advantage of its open-source availability and its flexibility to host any new application as a module executed from the command line, regardless of its programming language.
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;; Following parameters are used for 2D features extraction.

;; This extraction is performed over the image's sum z-projection.

; Distance (pixels) between paired pixels for 2D Gray Level Co-occurence Matrix 

Figure 1 :

 1 Figure 1: Global architecture of MicroVIP. It consists in three concatenated main modules assembled in a pipeline. The first one generates synthetic biological objects. The second module stands for the simulation of microscopy images of the synthetic biological object. The third module extracts characteristics of the simulated images.

Figure 2 :

 2 Figure 2: Images simulated using MicroVIP module 2 with various microscopy techniques. WFM: widefield microscopy , CFM: confocal microscopy and SIM: structured illumination microscopy. Only two chromatin chains are shown for better visualization. Optical parameters are: 40x objective lens, water medium (refractive index 1.33), numerical aperture 0.95 and laser emission wavelength 561nm.

  imaged with the same microscopy setup. MicroVIP instances are launched in parallel on European Grid Infrastructure (EGI), enabling a significant time gain in data generation compared to multiple successive MicroVIP executions (see 5.1). Pipeline. We introduced this input for flexibility of MicroVIP pipeline with regards to the user's needs. It takes values 0, 1 and 2 and allows one to execute only the first module, the first two modules, or all three of them respectively. In other words, it dictates if simulation should stop after ground truth modeling (0), continue until microscopy image simulation (1) or also perform features extraction (2). It mostly exists to avoid the time consuming extraction of multiple features when the user only needs the simulated images.

Figure 3 :

 3 Figure 3: MicroVIP graphical user interface, available in VIP after creating a free account and joining the open access group Prochip, at https://vip.creatis.insa-lyon.fr

Figure 4 :

 4 Figure 4: Illustrative example of MicroVIP application for data augmentation. (A) maximum z-projection planes of simulated 3D light-sheet fuorescence microscopy image and its associated ground truth. (B) results of real light sheet microscopy image denoising using CARE model pre-trained with synthetic images generated with MicroVIP.

  MicroVIP deployment on VIP allows the user to run the software without any installation procedure, dependencies or hardware constraints. Additionally, VIP platform offers parallelization capabilities, allowing the generation of a large number of simulated images by seamless execution on EGI, which permits fast simulation of a large number of cell images and their associated ground truth, needed for deep learning applications. An illustration of the computation time (in hours) required for the simulation and textural features extraction as a function of the number of cells simulated is presented in figure5. Simulation was performed for a light-sheet fluorescence microscope with a microfluidic system. Figure5.A displays total computation time, which is the sum of execution times on each machine. This ignores file transfer times between distributed sites, but gives an estimation of the computation time that would be necessary for successively executing MicroVIP complete pipeline a number of times equal to the number of cells to simulate. On the other hand, Figure 5.B displays real elapsed time between the moment when the user launches and the output being accessible in their VIP File Transfer. It takes into account file transfer times, but allows an estimation of the time gained by running MicroVIP in a parallelized fashion on EGI. For eleven executions with 1000 cells, we observe a median total computation time of 148.0h, and a median real elapsed time of 4.1h, which corresponds to an estimated parallelization time gain of more than 35 fold.

Figure 5 :

 5 Figure 5: Median and standard deviation of simulation time with MicroVIP (in hours) as a function of the number of cells. For each number of cells, eleven executions were performed: (A) accumulated computation time of all parallel executions (B) real elapsed time between launch and end of MicroVIP execution, obtained by parallelizing computation on the EGI infrastructure.

marker_on_lifetime_ms=20;;; 2 ;;

 2 Average time (ms) during which a biomarker is inactive, i.e. dark. marker_off_lifetime_ms=40 Time over which the camera records the fluorescence signal (s). acquisition_duration_s=3 Mean number of electrons generated in the CCD structure for one incoming ; photon (electrons/photon). quantum_gain=4.Intensity of fluorescence not emitted from the biomarkers (photons). In a cell ; sample, this background could arise from auto-fluorescence, i.e. fluorescence ; emission from small biological molecules such as NADH. background_intensity_photon=0 Intensity of a second additive readout noise, arising from the stochastic ; thermal generation of electrons within the CCD structure (electrons/pixel/s). dark_current=0 ;-------------------------------------------------------------------------------; Module 3: Features extraction;-------------------------------------------------------------------------------; This section contains hyper-parameters of all applied features extraction ; methods. It also provides an option to de-activate pointillist features ; extraction methods which are particularly time-consuming as they require an ; additional step of biomarkers localization.

;;;;;

  (GLCM) calculation, used in Haralick features extraction. neighborhood_size_GLCM_2D=8 Number of neighbors used to compute the Local Binary Pattenr (LBP) for each ; pixel. The set of neighbors is selected from a circularly symmetric pattern ; around each pixel. Higher values encode greater detail around each pixel. ; Typical values range from 4 to 24. n_neighbor_LBP_2D=8 ; Radius (pixels) of circular pattern used to select neighbors for each pixel in ; LBP calculation. Higher values capture detail over a larger spatial scale. ; Typical values range from 1 to 5. radius_LBP_2D=1 Maximal order of the scattering transform, i.e. depth of associated scattering ; network. When set to 1, the scattering transform is merely the modulus of a ; wavelet transform. In most cases, higher values marginally improve ; classification results, yet at a great computational cost. n_layer_scattering_2D=2 Number of wavelet scales in the filter bank for scattering trasform ; computation. Higher values increase the range of translation invariance. n_scale_scattering_2D=4 Number of wavelet orientations for scattering transform computation. Higher ; values increase the angular selectivity of filters.

Table 1 :

 1 Code metadata

  To provide an example, a simulation run with Number of cells 2, pipeline 2 and Configuration file widefield.ini will result in following output architec-MicroVIP can be used for a variety of microscopy applications. In particular, it can be used for research and development in bioimaging application such as single cell imaging (which is natively included in the platform). Additionally, it can be used for virtual instrumentation by realising low cost and fast in silico tests to determine the best tools and settings before a real mi-
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croscopy experiment. Moreover, MicroVIP can be used for machine learning applications such as deep learning based super-resolution, also style transfer from an imaging modality to another, or data augmentation as it enables fast and inexpensive realization of a 3D microscopy images database with associated ground truth, for calibration and training of image analysis and/or cell image classification tools. Moreover, the software allows to answer these problems in a centralized way for a variety of microscopy techniques.
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Appendix A. Example .ini configuration file

; Default parameter file for MicroVIP applicatons.

; See https://www.creatis.insa-lyon.fr/site7/en/PROCHIP for more information.

; This parameter file is divided in three sections, each one used ; by one module of MicroVIP application. If you do not run all three ; modules, you may leave unrelevant sections unmodified. They will ; be ignored at runtime. You can modify other parameters at will after ; carefully reading their description.

; -------------------------------------------------------------------------------; Module 1: Generation of biological objects ;- ------------------------------------------------------------------------------; This section contains modeled ground truth biological parameters.

; These are random distributions from which the cell size and the distances ; between consecutive biomarkers are drawn, as well as the number of chromatin ; chains inside each cell.

[CellGenerator]

; Number of chromatin chains (chromosomes) in one cell. n_chromatin_chain=46 ; Fluorophore will be generated along chomatin chains with random distances ; picked from following distribution: u for uniform or g for gaussian.