Numbers of deaths caused by disaster floods from 1989 to 2010 show annual deaths recorded in Vietnam, especially over 400 dead people in 1997Vietnam, especially over 400 dead people in , 2000Vietnam, especially over 400 dead people in , and 2005. Besides, the numbers of houses destroyed over 100,000 in 1997, 2006, and 2009 [18]. Intense rain from 100-120mm during two days (21-22 August 2020) in the North of Vietnam, caused around one thousand broken houses, 2000 impacted hectare crops, 1000 washed poultries, and seven human deaths, one missed and four injured people. History of floods in Pakistan from 1947 to 2011 shows almost occurring every year, and remarkably in 1950, 1998, and 2010 with over a thousand of death people [19]. Recently, heavy rainfall started from August 6th, 2020 to August 7th, 2020 in Sindh, Baluchistan, Karachi, Hyderabad, Shaheed Benazirabad, and Dadu of Sindh provinces with 7 dead people, 50 injured, and washed standing crops [20].

According to these above observations, natural disasters, especially floods and HABs caused by the climate change impact on the human life, economy, and ecosystem. Every country in the world has to face and find solutions to minimize the consequences of these problems. For scientific points of view, specifically in computer science, what solutions for these problems is explained in section1.2.
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Chapter 1

Simulations of Complex Systems 1.1 Environmental Issues and Consequences

The natural world seems immense and complex with a scene of an astonishing diversity of appearances and events. Moreover, natural disasters, including earthquakes, tsunamis, volcanic eruptions, landslides, hurricanes, floods, wildfires, heat waves, and droughts kill approximately 90000 people and affect around 160 million people worldwide every year [START_REF] Organization | Environmental health in emergencies[END_REF]. The consequences of these disasters have been impacting immediately on human lives, destructions of the physical, biological, and social environment of affected people. A visualization of the global death number per year from natural disasters is shown in diagram 1.1 and published in Our World in Data organization.

According to the average number of deaths by each decade in [START_REF] D. L. .-. B. | OFDA CRED International Disaster Database, Average number of deaths by decade[END_REF], flood is in the top list of the global annual deaths from natural disasters, the highest number of disasters [START_REF] Duffin | Number of natural disasters worldwide in 2019, by type[END_REF], and the second largest number of victims in 2019 [START_REF]Number of natural disaster victims in 2019[END_REF].

Besides, a harmful algal bloom (HAB) is one of natural phenomena leading to serious consequences on the environment. The past few decades have seen an apparent increase in HAB frequency and geographic range [START_REF] Watson | Chapter 20 -harmful algal blooms[END_REF]. Following all the above observations, the scope of this work concentrates on these two phenomena described in section 1.1.1 and 1.1.2.

Harmful Algal Blooms

Several decades ago, a survey of the occurrence of toxic blooms highlighted their effects on different natural resources [START_REF] Sivonen | Toxic cyanobacteria (blue-green algae) in finnish fresh and coastal waters[END_REF]. Climate change is affecting the environment due to the increasing development of harmful algae [START_REF] Agency | Climate change and harmful algal blooms[END_REF]. Harmful Algal Blooms (HABs) cause serious consequences on aquaculture, ecosystems, economy, and human health. Particularly, many The diagram shows a visual number of global deaths from natural disasters from data published in [START_REF] D. L. .-. B. | OFDA CRED International Disaster Database, Annual deaths from natural disasters[END_REF].

areas in the world suffer damages due to HABs events:

• In Lake Erie, North America, the occurred largest harmful algae bloom in its recorded history in 2011 is shown in figure 1.2. The algae peaked in October of that year and covered about 2,000 square miles of the lake. Moreover, Lake Erie's water was polluted by algae blooms in August 2014. Especially, half a million residents of Toledo which is a city sitting on the shores of Lake Erie and surrounding areas relying on the lake were impacted by the event [START_REF] Hance | Lethal algae blooms -an ecosystem out of balance[END_REF]. The water crisis in the city lasted for approximately three days.

• In 2014, severe algae bloom occurred with the death of a large fish species in the West Florida Shelf known as the red tide [START_REF] Fish | Red tide[END_REF]. Respiratory illnesses of Karenia Brevis from Sarasota County on the Gulf Coast of Florida resulted in $0.5 to $4 million in hospital emergency department costs [START_REF] For | Disease Control and Prevention, Harmful algal bloom (hab)-associated illness[END_REF] caused by HABs.

• A 40 kilometer stretch of the darling river in Australia was covered by the large fish death events approximately a million in December 2018 and January 2019. The main cause was the lack of water during the drought leading to water quality issues, which was one of conditions for blue-green algae to thrive. The dead fishes were caused by the critical fall oxygen level due to the algae decomposition [START_REF] Government | Fish deaths in the lower darling[END_REF], [START_REF] Nogrady | Heat waves are causing mass fish deaths in australia[END_REF].

• The death of a dog that was swimming in the St. John River, Fredericton in Canada was caused by blue-green algae in July 2019 [START_REF] News | Province investigates whether blue-green algae killed fredericton dog[END_REF]. There are some lakes where algae blooms regularly occur in Nova Scotia, Canada such as Sandy, Mattatall, Lake Torment and Sherbrooke impacting on animal, human, and economic [START_REF] Tetanish | Growth of blue-green algae across nova scotia a concern: dal ac prof[END_REF]. Moreover, in the French region of Brittany, six beaches around Saint-Brieuc have had closed due to concerns over the algae on July 2019 [START_REF] Guy | French beaches closed due to toxic algae bloom linked to two deaths[END_REF].

(a) (b) In 2018, there were more than 300 reported incidents of toxic or harmful algae blooms around the world, while 130 have been listed on an international database in 2014. Then, the number was expected to increase [START_REF] Hance | Lethal algae blooms -an ecosystem out of balance[END_REF].

Flood Events

Climate change have been significantly impacting on the environment in recent years. Flood is one of the most frequently mentioned issues, and has been causing serious consequences for human life. According to the number of natural disasters in 2019 [START_REF] Duffin | Number of natural disasters worldwide in 2019, by type[END_REF], flood disasters get the first position with 194 recorded floods across the world shown in figure 1.3. Another demonstration is shown by the statistics of victim numbers from natural disasters around the world [START_REF]Number of natural disaster victims in 2019[END_REF]. People were impacted by the flood around 31 million in 2019 as presented in figure 1. [START_REF]Number of natural disaster victims in 2019[END_REF].

Particularly, many areas in the world suffer serious damages due to floods such as China, the United States of America (USA), France, Vietnam, Senegal, Pakistan, and Thailand. An estimation of the average annual loss incurred due to floods in France was expected to approximate three billion US.Dollars [START_REF] Department | Average annual loss related to disaster risks estimate in france as of 2015, by hazard[END_REF]. For example, three days with heavy rain hit the South of France caused three person deaths and serious damage to the region in October 2019. 

Scientific Models of Flood and HAB

HAB Simulation based on Density of Chlorophyll-a

Modeling and simulation of the detection and transport of cyanobacteria in lakes, rivers, and oceans have been proposed and applied in several countries [START_REF] Guven | A review and classification of the existing models of cyanobacteria[END_REF]. Most of the works are based either on deterministic or probabilistic models, or artificial neural networks in order to predict HABs detection or/and movement. For example, the reader can find in [START_REF] Reynolds | Modelling phytoplankton dynamics in lakes and reservoirs: the problem of in-situ growth rates[END_REF] a predicting model of Phytoplankton growth in lakes and reservoirs based on linear functions and experimental observations of various environmental characteristics. A deterministic model with effects of light, irradiance, carbohydrate has been utilized in dynamic movements of cyanobacteria colonies in the surface and depth of lakes [START_REF] Kromkamp | A computer model of buoyancy and vertical migration in cyanobacteria[END_REF]. Based on an artificial neural network, a prediction model has been used to estimate the abundance of blue-green algae blooms in river systems [START_REF] Maier | Modelling cyanobacteria (blue-green algae) in the river murray using artificial neural networks[END_REF]. In [START_REF] Huang | Modelling algal densities in harmful algal blooms (hab) with stochastic dynamics[END_REF], a stochastic dynamic method has been applied to simulate the growth of HAB density in Bohai Bay, China. An integration of step-wise multiple regression and genetic programming has been proposed to predict HABs in Western Lake Erie [START_REF] Daghighi | Harmful algae bloom prediction model for western lake erie using stepwise multiple regression and genetic programming[END_REF]. However, these researches concentrate on the detection of HABs, or some vertical movements based on nutrients, light, and phosphorus. In addition, high Chlorophyll-a (Chla) values are indicators of HABs [START_REF] Tian | Spatiotemporal variability and environmental factors of harmful algal blooms (habs) over western lake erie[END_REF]. Besides, the complex topography of the landscape and meteorological conditions are difficult to describe with partial differential equations.

Flood Simulation

A number of flood simulation studies have been developed, including various models such as 1D [START_REF] Zhu | Simple, Robust, and Efficient Algorithm for Gradually Varied Subcritical Flow Simulation in General Channel Networks[END_REF], 2D [START_REF] Song | A robust well-balanced finite volume model for shallow water flows with wetting and drying over irregular terrain[END_REF], 1D-2D combined [START_REF] Bladé | Integration of 1d and 2d finite volume schemes for computations of water flow in natural channels[END_REF]. Many flood forecasting systems have been applied to prevent flood disasters in several countries such as a Watershed Simulation and Forecasting Systems (WSFS) in Finland [START_REF] Huttunen | The Finnish Watershed Simulation and Forecasting System (WSFS)[END_REF], an ensemble Stream flow Prediction (ESP) in Sweden [START_REF] Johnell | Deterministic evaluation of ensemble streamflow predictions in Sweden[END_REF], a Mekong Flood Forecasting System in the Mekong River Commission [START_REF] Janejira Tospornsampan | FMMP Component 1. Short and medium-term flood forecasting at the Regional Flood Management and Mitigation Centre[END_REF], a National Flood Forecasting System (NFFS) of UK [START_REF] Werner | Recent developments in operational flood forecasting in England, Wales and Scotland[END_REF], and an Iowa Flood Information System (IFIS) of Iowa State in USA [START_REF] Krajewski | Real-Time Flood Forecasting and Information System for the State of Iowa[END_REF]. Changes of scales in flood simulation systems influence on accurate and efficient results, especially in finer spatial resolution. Efficient results of CaMa-Flood model for simulating a large-scale flood in the Chao Phraya River Basin, Thailand have been demonstrated by comparing its outputs on two different resolutions of ten kilometers and one kilometer [START_REF] Mateo | Impacts of spatial resolution and representation of flow connectivity on large-scale simulation of floods[END_REF]. These results show the effect of the resolution on the simulation with the efficiency coefficient reduced by more than 50% between the simulation results of the two resolutions.

Besides, challenges and efficiencies of large-scale flood forecasting models have been attracting scientists in the world. For example, a GIS-based urban flood model has been applied to produce flood mapping at small spatial resolution in Ouagadougou, Burkina Faso [START_REF] Bouvier | Large-Scale GIS-Based Urban Flood Modelling: A Case Study on the City of Ouagadougou[END_REF]. A robust shallow water model for large-scale flood simulation in the Wei River Basin, China based on the unstructured Godunoc-type finite volume method has proposed to improve the run-time efficiency [START_REF] Liu | Real-time simulation of large-scale floods[END_REF]. A Hadoop-based output analysis tool for large-scale simulation has used to improve data processing time [START_REF] Lee | A Hadoop-Based Output Analyzer for Large-Scale Simulation Data[END_REF]. On the other hand, the flood simulation systems on a large-scale are complex and changeable because they consist of several different terrain types, such as mountains, hills, rivers, shores, levees, reservoirs, and detention basins [START_REF] Xin-Yu | Computer Simulation of Flood Scheduling in Large Scale Flood Control Systems[END_REF].

High Performance Computing

Parallel computation and programming have been applying to solve problems caused by these above mentioned complex systems, such as general computing models using Compute Unified Device Architecture (CUDA), OCCAM, shared memory models using Open Multi-Processing (OpenMP), and Message Passing Interface (MPI). Hydraulic models have been using MPI to obtain speed up to 1.5x-18x in the parallel simulation cases [START_REF] Villanueva | Linking riemann and storage cell models for flood prediction[END_REF]- [START_REF] Oger | On distributed memory mpi-based parallelization of sph codes in massive hpc context[END_REF]. [START_REF] Sanders | Parbrezo: a parallel, unstructured grid, godunov-type, shallow-water code for high-resolution flood inundation modeling at the regional scale[END_REF] has proposed a parallel shallow-water code for high-resolution flood inundation modeling at the regional scale. The MPI framework has been developed in a parallel two-dimensional discontinuous method by converting continuous to discrete equations for shallow-water flows [START_REF] Lai | A parallel two-dimensional discontinuous galerkin method for shallow-water flows using high-resolution unstructured meshes[END_REF]. The multi-streaming processors and powerful computational capabilities of Graphic Processing Unit (GPU) are vitally important for efficient parallel requirements [START_REF] Hart | Porting and scaling openacc applications on massively-parallel, gpu-accelerated supercomputers[END_REF], [START_REF] Hoshino | Cuda vs openacc: performance case studies with kernel benchmarks and a memory-bound cfd application[END_REF]. Two parallel methods, consisting of OpenMP, MPI have been evaluated in [START_REF] Zhang | Comparison of three different parallel computation methods for a two-dimensional dam-break model[END_REF] for the computation of a two-dimensional dam-break model using the explicit finite volume method. In the case of large-scale calculation, the MPI method is a better choice because of the singlemachine memory bottleneck [START_REF] Zhang | Comparison of three different parallel computation methods for a two-dimensional dam-break model[END_REF]. This section explains the scientific perspectives and solutions for the consequences of behaviors affected by climate change, especially in HABs and floods. This also considers high-performance computing solutions to reduce the performance costs of large simulations. Section 1.3 will clarify deeply modeling and simulation directions in complex systems.

State of Art

A complex system in large-scale systems is a set of many elements that interact with each other and with the environment in non-linear, undefined, and unpredictable ways [START_REF] Lam | Nonlinear Physics for Beginners[END_REF]. Behavioral characteristics in complex systems can consist emergence, multi-level structure, distributed decision-making, dynamism and complicated interactions, feedback loops, adaptability, competitiveness, and conflict [START_REF] Aziza | Simulating complex systems -complex system theories, their behavioural characteristics and their simulation[END_REF]. The main complexity system theories also is described in this paper such as complex adaptive systems, self-organization, stigmergic systems, coevolution, chaos, and critical self-organization.

Simulation is a behavioral imitation of a system or process in a real-world over time. It allows doing virtual experiments in which different scenarios can be tested and predictions to make better decisions. Furthermore, the costs and effects of these tests are minimized by simulations of long periods in a matter of seconds. The more complicated a system, the more difficult is to simulate it.

There are two main approaches for modeling and simulating complex systems such as analysis and systemic [START_REF] Laperriere | Modélisation multi-agents du changement de pratiques viticoles[END_REF]. First, the main idea of the first approach is to separate the entire system into a set of subsystems. Then, it focuses on each subsystem instead of the overall system to understand or model. Methods consisting of differential equations to describe homogeneous populations in homogeneous environments, stochastic processes has been applied according to this approach.

However, These methods with their deterministic approaches do not accurately represent the non-linearity, non-determinism, and unpredictability of complex systems. Thus, the systemic approach can address the limits of the analytical one by focusing on the dynamic relationships between its components instead of the characteristics of each component.

There are two main directions for this approach such as traditional systemic models consisting of rule based systems and artificial neural networks, constructivist models including synergistic modeling, microsimulation, cellular automata (CA), and multi-agent systems (MAS). Usefulness, limits, and comparisons of these models are explained in [START_REF] Aziza | Simulating complex systems -complex system theories, their behavioural characteristics and their simulation[END_REF]. Models need to be chosen carefully on particular systems depending on the characteristics, available resources, design capabilities and dynamics.

According to MAS classified in [START_REF] Rouquier | Robustesse et émergence dans les systèmes complexes : le modèle des automates cellulaires[END_REF], an agent can change its behavior based on simple and immutable rules in complex systems, also considering the CA suitable for the complex model because of behavioral cells is based on a simple set of rules. From these observations, CA and MAS can both model complex entities based on both simple and complex entities. However, MAS requires generally a lot of modeling time and computing resources because they need to understand deeply all actors in the system such as behaviors, reasoning mechanisms and resources. Thus, the CA model with simple and flexible way is suitable for modeling behavior in the natural environment such as flood, fire, population, and harmful algae. These characteristics and behaviors are affected by their selves, their relationships, or the environment.

From these points of view, modeling and simulation behaviors in natural environments based on the CA model are one of the main directions of our works. A list of work archived in our teams in the LabSTICC laboratory at Brest University in France described as follows:

• Frameworks such as Netgen, QuickMap, PickCell [START_REF] Pottier | Dynamic networks : netgen tools, Guide for simulation software, installation and use[END_REF] are built by the group in the LabSTICC laboratory at Brest University in France (described in section 2.4.3). These frameworks are intended design and validation of networks, in relation with the creation of cellular systems from the practical environment using graphic interfaces, including various databases collected from open source, including Open Street Map (OSM), and satellite images. The city consisting of streets, gardens, ring roads, buildings, and rivers is organized into the cell system.

• A simulation of sound propagation in an urban environment using a coupling method of observation systems between sensor networks and physical systems has been done in [START_REF] Keita | Modèles physiques et perception, contributions à l'analyse du milieu sonore urbain[END_REF].

• Following the above direction, an automatic vision observatory has proposed to observe the main threats on cultures and insect proliferation in rice fields, as an evolution of manual light traps in Mekong Delta [START_REF] Lam | ) réseaux de capteurs sans fil pour l'observation du climat et de la biologie dans une région tropicale d'agriculture intensive : méthodes, outils et applications pour le cas du delta du mékong, vietnam[END_REF]. A distributed sensing system has been applied in the above work to track environment evolution. The propagation of insects was simulated by applying the Cellular Automata (CA) model with databases connected from radio communication weaving the observations into a network.

• Another method for reducing the consequences of insect pests is described in [START_REF] Lucas | Modélisations, simulations, synthèses pour des réseaux dynamiques de capteurs sans fil[END_REF].

The main idea is the integration of biophysical systems and observation networks to assess the state of the locust situation at Desert Locust (DL) population dynamics. The CA model also has been utilized in this work to simulate intercellular migration and the life cycle of the DL.

• To improve the accuracy and run-time of these simulation systems, input parameters for monitoring need to be available with little delay. One of the ways is to compute sensor coverage described in [START_REF] Truong | ) simulation and compiler support for communication and mobility for environment sensing[END_REF]. Its results have been tested in practical complex terrains by using LoRa, which has demonstrated an increase in the simulation accuracy.

According to this direction, an objective of the thesis is explained in the next section.

Objectives of the Thesis

According to these works in section 1.3, simulation systems reducing the consequences of natural phenomena from biology to physic have been done with the CA model and sensor network techniques. Parallel computing also has been using to optimize costs of these systems.

However, these simulation systems have been performed for small scales or small areas. Moreover, these works concentrate to optimize the sensor network systems as one of the monitoring steps in the processes of simulations.

According to these observations, simulation methods addressing complex systems in terms of zone size, precision, various parameters is a contribution of the thesis. The complete process is proposed to model geographic behaviors in cell systems explained in chapter 2. Two CA models are proposed with Chl-a diffusion presented in section 1.4.2 and with details in chapter 3, and water propagation described in section 1.4.3 and specifically in chapter 4.

A multi-scale model for complex systems is proposed to improve the simulating efficiency by integrating models having different scales into one model. The model is demonstrated in the simulation case of fast flood propagation used to reveal possible risks. This shows that an alert system synthesis adapted to complex terrains where a flood spread in short delays.

Besides, transition rules for water propagation are enhanced from [START_REF] Truong | ) simulation and compiler support for communication and mobility for environment sensing[END_REF] to increase the accuracy of the simulations in particular systems. Moreover, applying high-performance computing on these simulations to ease their costs is proved by experiments in a cluster and supercomputer shown in section 1.4.1 and specifically in chapter 6.

Overview of the Proposal for Effective Simulations

Problems of processing data sets have received significant attention over the years. There are many publications that used various methods to solve complex problems. An accounting for communication and synchronization costs based on a theoretical foundation for parallel algorithms has been developed by Valiant called the Bulk Synchronous Parallel model (BSP) [START_REF] Guven | A review and classification of the existing models of cyanobacteria[END_REF]. A study case of the hybrid MPI and OpenMP programming approach has demonstrated its benefits on three multi-core based parallel system [START_REF] Jin | High performance computing using MPI and OpenMP on multi-core parallel systems[END_REF]. A run-time system called Big Data MPI (BDMPI) has provided significant performance over some technologies such as Hadoop and GraphChi [START_REF] Lasalle | MPI for Big Data: New tricks for an old dog[END_REF].

The high-performance computing (HPC) systems have been developed to implement such complicated models, gradually increasing parallel implementation efficiency. An approach to the allocation of a large-scale CA model has been developed by Olga Bandman based on the principle of maximum similarity between the parallel CA algorithm structure and computer architecture [START_REF] Bandman | Implementation of large-scale cellular automata models on multi-core computers and clusters[END_REF].

We propose an original technique based on the basic principles of HPC. It is performed by splitting a multi-scale system into subsystems and each sub-system performing its tasks on a node with independent data. A node can be regarded as a computer in the cluster or physically attached to a cabinet on a supercomputer. To optimize performance and memory usage, a shared-memory algorithm is applied to the tasks of each node. The results of each node are then sent to the master node for synchronization at each step in the simulation by using a distributed memory algorithm. This contribution is denoted in chapter 6.

First Model: Chlorophyll-a Diffusion Model

An integrated numerical and fuzzy CA model for prediction of possible algal blooms in the Dutch coastal waters has been developed in [START_REF] Chen | Modelling algal blooms in the dutch coastal waters by integrated numerical and fuzzy cellular automata approaches[END_REF]. A tool has been proposed in [START_REF] Xianquan | Modelling chlorophyll-a in bohai bay based on hybrid soft computing approach[END_REF] to predict the concentration of Chl-a in Bohai Bay based on the hybrid soft computing approach, including the support vector machine (SVM), genetic algorithms (GA), and CA. Besides, a set of coupled nonlinear partial differential equations that reliably simulates any two-dimensional nine-neighbor, square-lattice CA has been demonstrated in [START_REF] Omohundro | Modelling cellular automata with partial differential equations[END_REF]. The CA model for the diffusion equation has also been proposed by [START_REF] Chopard | Cellular automata model for the diffusion equation[END_REF], [START_REF] Yang | Cellular automata, pdes, and pattern formation[END_REF]. In addition, the diffusive flux of a dissolved solute toward an absorbing surface of area A is given by Fick's Law, which derived by analogy to Fourier's Law for heat conduction [START_REF] Cussler | Diffusion, Mass Transfer in Fluid Systems[END_REF]. Moreover, a diffusion model for near-bottom Phytoplankton by Fick's law, employing an effective diffusivity is obtained in [START_REF] Larsena | Biomixing generated by benthic filter feeders: a diffusion model for near-bottom phytoplankton depletion[END_REF].

Relying on these observations, a model of Chl-a diffusion in freshwater based on parallel implementations of CA is proposed as a representation for biological model and simulation. Integrating GIS data, techniques, and real data allows evaluating the model accuracy. This work takes place within the cooperation between a Computer Science laboratory (Lab-STICC, France) and the Fluids and Systems Modeling Lab (BBML, Canada). The MPI framework as one of the parallel computing techniques is considered to optimize incremented costs in this case. The modeling and simulation are explained in chapter 3. In that section, we describe theoretical and functional methods based on mathematical models. Besides, a CA model based on Fick's law for the Chl-a diffusion in Lake Torment is proposed. Ex-periments and results are shown in section 3.3 with sampling, analytical processes in the case.

Second Model: Water Propagation on Complex Terrains

CA model has been applied on a number of simulation systems for flooding. For instance, a fast flood simulation model based on CA has compared with the Urban Inundation Model (UIM) in [START_REF] Ghimire | Application of cellular automata approach for fast flood simulation[END_REF], which showed the efficiency of the CA algorithm in parallel computing. A mathematical model has developed for flood routing based on two-dimensional cellular automaton [START_REF] Cai | Mathematical model for flood routing based on cellular automaton[END_REF].

CA has been regarded as a model of growing interest for spatial dynamics simulation, studying natural process [START_REF] Bandman | Cellular Automata Composition Techniques for Spatial Dynamics Simulation[END_REF]- [START_REF]Using cellular automata for porous media simulation[END_REF]. A machine learning CA model (MachCA) for simulating urban growth has been archived by using nonlinear transition rules based on least squares support vector machines (LS-SVM) in the Shanghai Qingpu-Songjiang, China [START_REF] Feng | Modeling dynamic urban land-use change with geographical cellular automata and generalized pattern search-optimized rules[END_REF]. A simple model for an unbiased random walk has utilized flexibly, computational and analytical proficiency of the lattice-gas cellular automaton model [START_REF] Nava-Sedeño | Cellular automaton models for time-correlated random walks: Derivation and analysis[END_REF].

Relying on these above observations, the present work proposes a coupling method of fine and coarse grids to a multi-scale system shown in section 2.3. Fine and coarse grids represent a physical cell system and a population cell system, respectively for the simulation system. This solution takes the advantages of the CA model to simulate water propagation in complex systems on a large scale shown in chapter 4. Moreover, the simulation systems have been performed on a supercomputer and cluster by applying a hybrid method of the MPI framework and the OpenMP API to achieve high performance illustrated in section 1.4.1.

Thesis Outline

The organization of the thesis consists of chapters as followed:

• Chapter 2 describes how to map geographic behaviors to cellular systems from various data, while behaviors in natural phenomena are complex from small to large scale.

A multi-scale model of fine and coarse grids is represented by physical and social systems. A proposed tool is based on tools that have been developed by the group in the LabSTICC laboratory that is used to organize large-scale cellular systems with millions or billions of cells.

• Chapter 3 deals with minimizing consequences of cyanobacteria, potentially toxic phytoplankton by proposing CA model of Chl-a diffusion in fresh water. The sample analysis and data processing from real systems are also described in this chapter with a case study in Torment Lake, Canada.

• Chapter 4 illustrates a flood model based on the rules of water propagation associated with the entropy model. Risk estimation is analyzed with the results of running several simulations together with scales of time ranging from storm rains and years for population density. Moreover, an alert system is proposed to mitigate consequences of flood events by placing warning sensors to risk points.

• Chapter 5 shows a composite method of short periods, sampling of 1 hour for rain and flooding and long periods, sampling of 5 years for urbanism and population densities. Three different case are done to estimate risks, considering populations collected by respective administrations.

• Chapter 6 explains how the simulation is executed on high-performance computers suitable to obtain results in short delays. A hybrid method to enhance the performance and memory usage of the simulation system.

• Chapter 7 denotes done works and perspective in the thesis. Discussions of the future plans are based on the researched direction.

Chapter 2

Modeling Geographic Behaviors in Cellular Automata

This chapter describes how to represent geographic behaviors as cellular systems. Behaviors in natural phenomena range from small to large scale. The challenges of these behavioral simulations and complex definitions in particular systems are described in section 2.1. CA model has been applied successfully to describe biological to physical behaviors. Section 2.2 explains the CA model theory, related researches, and the organizing and modeling methods of geographic behaviors into dedicated simulation systems. GIS techniques and tools allow us generating geographic systems as cellular systems with specific structures. Besides, terrain characteristics and parameters in the model are collected from various sources, such as the grided population of the world, OSM, and weather data to improve the accuracy of simulation systems described in section 2.4. Moreover, a multi-scale model of fine and coarse grids applied in the simulation systems is also one of the contributions explained in section 2.3.

Behaviors of Complex Systems on a Large

Scale

A complex system is a system that involves a large number of interacting entities/individual agents [START_REF] Chimeh | Simulating heterogeneous behaviours in complex systems on gpus[END_REF]. Stems from the number, relationships, and behaviors between the system components and between the system and its environment lead to the complexity [START_REF] Bar-Yam | General features of complex systems[END_REF], [START_REF] Siegenfeld | An introduction to complex systems science and its applications[END_REF]. For examples, many concepts of complex systems are explained in [START_REF] Aziza | Simulating complex systems -complex system theories, their behavioural characteristics and their simulation[END_REF], [START_REF] Stillings | Earth and Mind II: A Synthesis of Research on Thinking and Learning in the Geosciences[END_REF].

A large area consists of many objects, such as buildings, trees, roads, and water with different topographies as a plateau, mountain, plain, and valley. A simulation system performed in a large area, including river, mountain, city helps understanding such complex system. Elements of the system interact with each other based on their characteristics and behaviors. Rivers, cities, and mountains have different characteristics. Sometimes some elements changed their characteristics after several steps of the simulation. Moreover, the complexity level depends on the size and the configural model.

In the scope of this work, the complex systems of water propagation and chlorophyll-a (Chl-a) diffusion are considered as case studies.

The flash and long floods caused by short and heavy rainfall, long rainfall respectively show their complex interactions and behaviors in the direction of propagation between elements, and characteristics of elements. The elevations of each element and its neighbors decide the direction of water flow, and it accumulates or dissipates a water amount from or to its neighbors.

Besides, cyanobacteria proliferates among the abiotic factors, nutrients, including inorganic nitrogen, phosphorus, temperature, light intensity, and hydrodynamic parameters of the water body [START_REF] Gobler | The dual role of nitrogen supply in controlling the growth and toxicity of cyanobacterial blooms[END_REF], [START_REF] Benayache | An overview of cyanobacteria harmful algal bloom (cyanohab) issues in freshwater ecosystems[END_REF]. Moreover, the Chl-a diffusion depends on water flow, velocity, terrain depth, and obstacles. Interactions of elements in the environment and themselves create a complex system for modeling and simulation.

The discretization of these complex systems is an efficient method to mitigate the complexity of computation and simulation. The most interesting property of CA is probably their complex global behavior due to very simple local computations of the cells. Cellular automata with its principles are suitable for these systems as described in next section.

Cellular Automata Model

The notion of cellular automata was introduced by John von Neumann working to develop an abstract model of self-reproduction in biology [START_REF] Wolfram | A New Kind of Science[END_REF]. Computational models using classical Cellular Automata have then been applied successfully to describe and solve in many theoretical and practical applications as well as models of natural phenomena [START_REF] Kroc | Simulating Complex Systems by Cellular Automata, ser. Understanding Complex Systems[END_REF] from biology to mathematics, physics, and chemistry [START_REF] Cattaneo | Cellular Automata for 2D and 3D fluid-dynamics simulations[END_REF], [START_REF] Wolfram | Cellular automata as models of complexity[END_REF].

A CA model considers four parameters consisting of discrete space, neighborhood, cell state, and transition rule [START_REF] Wolfram | Cellular automata as models of complexity[END_REF]. (1) A discrete space is known as a particularly simple example of a topological space, in which the points form a discontinuous sequence such as dimensions of discrete cells with the width and height size of the area. [START_REF] D. L. .-. B. | OFDA CRED International Disaster Database, Average number of deaths by decade[END_REF] The spatial diffusion among cells commonly uses a two-dimensional neighborhood. [START_REF] Duffin | Number of natural disasters worldwide in 2019, by type[END_REF] The state of a cell can be observed in real areas by sensors, open data, or satellites. These cells are updated by the transition rule at each time steps. (4) The transition rule is an arbitrary function that calculates or determines the change of the cell state at time steps based on its current state and its neighbors. ( 1) and ( 2) are explained in 2.2.1, while section 2.2.2 illustrates (3) and (4). Then, a distributed algorithm in parallel programming for CA is described in section 2.2.3. In the 1970s, John Conway introduced a two-dimensional cellular automaton with the Moore neighborhood known as the Game of Life and became popular through Martin Gardner in a Scientific American article. The hexagonal finite cellular automata (HCA) was defined as another variation of 2-dimensional CA whose cells take the form of a hexagon. [START_REF] Morita | Universality of reversible hexagonal cellular automata[END_REF] has proposed one form of HCA called hexagonal partitioned CA (HPCA) presented in figure 2.2. A cell of an HPCA is divided into six parts: northeast, east, southeast, southwest, west, and north-west displayed in figure 2.2b. Other directions, studies of CA is continue either over 2 or higher dimensions [START_REF] Packard | Two-dimensional cellular automata[END_REF]- [START_REF] Terrier | Two-dimensional cellular automata and their neighborhoods[END_REF], or to explore the simplified one-dimensional CA in [START_REF] Golze | Petri net implementations by a universal cell space[END_REF], [START_REF] Das | Characterization of 1-d periodic boundary reversible ca[END_REF]. 

The Discrete Space and Neighborhood

Cell State and Transition Rule

A cell can be in any states of a finite state set at any point in time. The simplest class of one-dimensional CA, the elementary CA has two possible values of each cell (0 or 1), and rules that depend only on the nearest neighbor values. There are eight possible binary states for three neighbors of a given cell. The evolution of a one-dimensional CA starts with the initial state (0), and the state of the cell is updated by local rules.

Game of life is a game in a rather special way, the best-known two-dimensional cellular automaton, invented by John H.Conway and popularized in Martin Gardner's Scientific American column starting in October 1970. The life cellular automaton is run by placing some filled cells on a two-dimensional grid. Cells have two only states: alive (state 1) or dead (state 0), and all cells are updated simultaneously at each generation or move of the game based on the rules. The new state of a cell depends only on its current state and on the state of its neighboring cells. The rules are defined as follows, the same for every cell, and do not change over the generations.

• Alive:

-If the cell is alive and has only 2 or 3 of alive neighbors.

-If the cell is dead and has exactly three alive neighbors.

• Death:

-If the cell is alive, and four of its neighbors are also alive.

-If the cell is alive and has less than or equal to one live neighbor.

Traditionally, all the cells of a CA follow the same state set, each cell has a discrete state. However, a polygeneous CA introduced by Sarkar in 2000 [START_REF] Sarkar | A brief history of cellular automata[END_REF] has different state sets.

Distributed Algorithm for CA model

To perform distributed algorithms on a cell system, each cell take knowledge from its adjacent neighbors. Exchange values are passed via communication channels with their identity (id).

According to a general distributed synchronous method in [START_REF] Lynch | Distributed Algorithms[END_REF], distribute specification for a cellular automaton in a local connection is built-in follow steps. Each cell is identified to a node, and a set of neighbors represents a set of nodes in a local network. Each node id has:

• states[id]: a set of states

• start[id]: a subset of states[id]
• message[id]: mapping states [id] x nbOut[id], set null value for the absence message.

• update[id]: mapping states[id] and messages for each neighbor Execution starts with all nodes in some starting state and all channels empty. The nodes then repeat the following procedure:

1. Generating messages to out neighbors.

Put them in the channels

Update the state based on a transition rule and incoming messages

Sample algorithm 1 is pseudo-code for distributed water from a cell to its neighbors in local connection according to the above steps.

Section 2.3 proposes a multi-scale cell system as appearing in complex systems. It also shows a generic cellular system organized from GIS in section 2.4. Particular cell systems with discrete space and time in two-dimensional CA, neighborhood, and transition rules for the case studies are explained in chapter 3 and chapter 4. 

Multi-scale Geographic Model in Cell Systems

The multi-scale model is necessary for simulations of complex systems in many cases that are not able to get an efficient system in a spatial large range. Although researches in this field are still limited, it becomes more and more important in computer science [START_REF]Special issue on multiscale modelling for transport in porous media[END_REF], [START_REF]multiscale, multiphysics modelling of coastal ocean processes: paradigms and approaches[END_REF], [START_REF]Multiscale modeling and simulation[END_REF]. There are two common directions for this work. Separation of multi-scale systems into N single-scale CA is an idea for a modeling paradigm using CA [START_REF] Hoekstra | Introducing complex automata for modelling multi-scale complex systems[END_REF]. Grid refinement methods have been utilizing in the bulk of CA multi-scale researches. A common approach is to couple grids of different scales with an overlap region or the managed boundary conditions [START_REF] Mazza | Microscopic and macroscopic aspects of epidemics[END_REF], [START_REF] Lin | Lattice boltzmann method on composite grids[END_REF], [START_REF] Dupuis | Theory and applications of an alternative lattice boltzmann grid refinement algorithm[END_REF]. The idea is the utilization of a fine grid in regions with a small scale and a coarse grid on a larger scale, adapting the local grid size to the local process scale. With this method, an interpolation algorithm is applied to exchange information between these different grids. The map of the simulated region is organized as a two-dimensional mapping while latitude is a horizontal line, and longitude is a vertical line. The system employs the CA paradigm in a common manner described in section 2.4. The simulated terrain is represented by a rectangular mesh of cells called a fine grid, and an example is shown in figure 2.3a. A fine grid is defined as a grid that cell size is small and efficient for the simulation system. Another component of the multi-scale CA model is the coarse grid, in which the cell size is larger than the cell size in a fine grid, and figure 2.3b is an instance of this system. Coupling fine and coarse grids to a multi-scale system are illustrated in figure 2.4. Because of both scale and time differences, algorithm 2 is proposed to exchange the information between the grids.

f Cells, cCells denote buffers of cells in the fine and the coarse system respectively. Sequentially, the resolution of the fine and coarse grids are wf xhf and wcxhc. rx and ry represent numbers of cells in the fine system corresponding with one cell in the coarse system following the width and height of the coarse grid. The mean of a cell range in the coarse system is calculated by an average function (avg) to assign a value of multi-cell.

Cell System from Geographic Information

System (GIS)

Environmental Information

Information about the environment is a domain in development because earth, nature, and civilizations are now under important pressure. We show some aspects being developed to improve understanding, running simulations over a cellular decomposition of the space.

Algorithm 2: Interpolation information from different cell systems to the multi-scale system.

Input: f Cells * , cCells These interactions need to take into account the zoom chosen for object selection. Users familiar with map navigators know to increase or decrease the zoom level to obtain a significant level of details for city buildings, streets, or district presentations, as specified in the control file. Table 2.1 presents a variation of the number of objects in relation to the zoom level for different zones, cities, and country shown in figure 2 Thus, a geographic database provides the first set of information about the environment, in complement with the navigational facility.

Storing and Retrieving Geographic Objects

This section is a primer on information systems and map representations. It is intended to describe how geographic objects are described and stored in databases, then extracted according to a particular geographic zone, to be displayed as graphical map fragments presented to final users. The intention is to provide enough background to understand the simulation part. This is also used to provide object descriptions to the simulators, with the map interpretation, and other attributes coming from other measure activities. Digital Elevation is one of them [104], and another aspect including population with meteorological data, both of major interest for processing environment.

For these current objectives, the choice was to develop original software using public tools and platforms. Describing this information system will help to clarify semantics, measure precision, and interpretations.

Open Street Map Data Processing

Open Street Map (OSM) proposes public domain geographic maps built from cooperative contributions. OSM activity is defined as open data, cooperative cartography. Considering the data transformations within OSM, one can distinguish three levels:

1. modeling, a phase where geographic objects are created as informational entities, having geographic attributes, The process of modeling is strongly related to aerial image analysis as shown in [105]. This is where the strength of cooperative work can produce a major result of digitizing more and more real objects.

2. storing, a phase where they are grouped in databases or files. Geographic databases use a key element for entities which is the geographic location. This key allows retrieving objects from their positions. An example of such a database is PostGIS, an evolution of the general purpose Postgres. PostGIS support the OSM set of geographic objects.

3. interpreting, after the choice of groups of objects, they can be represented graphically and contribute to maps based on surface parts called tiles.

These tiles are used by map browsers to display larger surfaces. They are addressed by three-dimension coordinates x, y, z, where x is the longitude, y the latitude, and z is the zoom level. This factor defines the resolution required by client service, starting from 0 for the whole earth, to building details at level 20 [106].

Addressing tiles in this way allows retrieving geographic data at different scales according to a spatial projection known as the Mercado's. Software procedures also allow translating of the (x, y, z) geometric points tuple, into geographic coordinates and distances on ideal ground earth.

OSM Service Architecture

Given the presentation of data creation, storing, and geometric processing, the visual presentation is the basic activity of interesting end users. This section will report how a visual presentation service is organized, with in mind further interactions such as simulation, and predictive status.

Instead of data transformation, service description is more like a system architecture organization, with networked computer components that we can characterize as shown below. In fact, this is a target organization behind the present project, built according to OSM recommendations [START_REF] Switchtoosm | Manually building a tile server[END_REF]. As the information exists yet on the internet, the section provides component organization. 3. OSM geographic containers: database contents referring to this schema cover needs for drawing geographic zones at progressive levels of details. OSM produces files that contain these objects for different zones associated with the planet, continents, countries, or cities. These files are maintained in a public repository such as [START_REF] Geofabrik | Geo factory, tools and downloads[END_REF] and can be loaded in specific PostGIS databases prepared with the OSM schema. Table 2.2 presents few database contents from present repository.

4. extraction and rendering: they are performed by a process rendered that acts on client demand. This process receives a program file in XML format. The program refers to a PostGIS/OSM database available on an host computer. Its behavior describes how drawing actions should be associated with different zoom levels. The action of rendering consists of a selection of objects included in a particular zone, associated with a particular zoom level, then the drawing of these objects on a tile surface.

In general, the tile is a small rectangle of pixels that will be output to a client. Therefore, rendering associate database operation, plus composing a graphic tile, and this can be done in large data volume, for numerous tiles, for numerous clients.

Tile servers must be powerful in number of threads, if not number of machines.

5. tile cache: it is a directory in which databases have an entry decomposed in zoom levels, then (x, y) addressing. Tiles are stored in the last level as pixel files. They are purged periodically to give way to new rendering operations.

The caches are managed by an internal process to web servers such as Apache [112].

On a tile request, the process detects the database of concern and looks for an existing tile file. On success, the file is returned to the web client. On failure, the rendering daemon is asked to generate the file.

This mechanism is apparent to final users who will notice that the deeper is the zoom level, the slower is the delay to draw a map. At the opposite, network caches can provide tiles very efficiently for the more common requests.

We know how to retrieve one tile, how can we retrieve assembly of tiles? This is known as the slippy map mechanism where a window contains several contiguous tiles, with their neighbors. The mechanism anticipates margin access by prefetching border tiles, thus providing faster access when moving the display frame.

Each tile is obtained from the server by sending a request and waiting for the answer. An example of the WordPress package is shown in figure 2.6, and another specific one for the project simulation tools is explained in [START_REF] Truong | Multiscale geographic exploration, observation, simulation, and representation[END_REF].

Generating Program Structures from Cell Systems

Netgen framework has been developed by Pottier and a group from the LabSTICC laboratory [START_REF] Pottier | Dynamic networks : netgen tools, Guide for simulation software, installation and use[END_REF] with initial purposes for the design and generation of networks under a practical environment using graphical interfaces.

• QuickMap tool is a complement to the initial Netgen for support of precise geographic positions and easy map browsing

• Then, it was extended to display buildings or obstacles representations extracted from OSM databases. Various kinds of maps are displayed on the map browser with the most common tile servers.

• Then, create spatial cellular systems from public data, PickCell tool is developed as a module of Netgen. 

Data Preparation for Large-Scale System

The tools are utilized to organize basically a CA system from several data sources. However, to generate a cellular system on a large scale with millions or billions of cells, another tool developed in C language called LargeScale (LS) is proposed in this work based on the principles of the Netgen framework. For massive parallelism, the frameworks contribute to organizing public data to cell systems with program structures in C by the following steps:

1. The map is loaded by QuickMap tool from sources described in section 2.4. or Moore, as illustrated in figure 2.9. The existing links between the central cell and its neighbors are established by directions and indices. In this way, a network of the cell is created according to the central cell's neighbors and the neighborhood type as explained in section 2.2.1. For LS Tool, a cell system is converted by grouping a pixel array, then the network is created by a function based on neighborhood types.

4. The results of a cell system and network system in C, Cuda, or Occam program structures are produced by Netgen presented in figure 2.10.

Then, to simulate efficiently complex systems, these systems need various components or combine different systems. Therefore, section 2.4.5 describes how to add more attributes of cells from other public data as various components of the system.

Adding cell attributes from public data

Digital elevation

Elevation is the altitude of a given earth surface point, above a zero reference level. This is computed from aerial campaign, such as NASA Shuttle Radar satellite scans (SRTM) [START_REF]Shuttle radar topology mission[END_REF]. The more recent scan build a grided measure at 30m distances.

Elevation is critical for a lot of simulation applications. As an example, by observing a line between a signal source and some target points, we can decide if intermediate points allow the signal to propagate, or not. Another example is water flooding with the computation of water routes following terrain topology. Simulation algorithms were designed using the cellular decomposition discussed in section 2.2 [START_REF] Truong | ) simulation and compiler support for communication and mobility for environment sensing[END_REF].

Meteorology and rain maps

Geology and meteorology are bounded to physical 3D spatial models. In the case of meteorology, the space is distributed according to grids on which simulations are executed. Several simulation models exist, and are in competition for accuracy. Along the years, one noticed that the finer the grid is, the better is prediction. Thus, a large amount of computing power is used to solve models and obtain representation of future evolution. Current grids in Europe hold path around 1km on the ground. Status and predictions from the meteo services are an important element of environmental information.

Among the parameters produced by services, rains and wind can directly impact on environmental behavior, with consequences on life. In Europe, services are federated to provide continental information, rather than local views. As an example, rains are evaluated by meteorological radars that can scan clouds up to a distance of 200km, then these radar images are assembled to provide the continental status. 

Smart cities, wild life, biology

These domains can produce distributed data directly, due to deployments of sensing systems. A lot of cities are working to compensate waste of energy, noise, pollution, and the first step is to equip streets or parkings with sensors that report to data center using wireless communications. Then it becomes possible to optimize routing, parking allocation, or to save resources by controlling street signals [115].

Regarding the wildlife or biology, the problem is more complex since special detection support is needed. As an example, the Mekong region in Vietnam deployed automatic light traps to evaluate the presence and displacement of insect clouds that destroy rice [START_REF] Lam | ) réseaux de capteurs sans fil pour l'observation du climat et de la biologie dans une région tropicale d'agriculture intensive : méthodes, outils et applications pour le cas du delta du mékong, vietnam[END_REF]. Data collected by sensors are sent to a database, allowing to make decisions and report about the insect threats. 

An Example of Data Complete Contribution

The Grided Population of the World (GPW) data collection at NASA's Socioeconomic Data and Application Center (SEDAC) displays the global distribution of the human population on a continuous surface, including geographic boundaries, census data, United Nations population estimates, and a global water mask. The estimated population for the years 2000, 2005, 2010, 2015, and 2020 were calculated by growth rates based on a global comparison of countries that conducted their censuses at different times [START_REF] For | Gridded population of the world, version 4 (gpwv4)[END_REF].

The data subsystem queries to the Representational state transfer (REST) service of SEDAC to get the population of each polygon.

As an illustration, the syntax is a string consisting of a boundary of polygons and variables shown in equation 2.1. A set of polygons including population density is called the population cell system.

GP Sstring = {"polygon" : <[A set of points to shape the polygon]>, "variables" : <[A set of variables]>, "statistics" : ["SUM", "MEAN"],

"requestID" : <id>}

(2.1)
Each polygon is created by four points: top-left, top-right, bottom-left, bottom-right with longitude, latitude properties in the cell system organized as in section 2.2 and a resolution parameter clearly explained in figure 2.12. A set of variables are identifiers of GPW such as year, age, water, and found in [START_REF] For | [END_REF]. Cell states of the population system are set values by algorithm 3. From GIS to CA system is described in this section and section 2.2. Another important component of the CA model is the transition rule. This is described in chapter 3 and 4 represented two particular simulation systems.

Conclusion

The processes of organizing natural behaviors in complex systems into automated cellular modeling were presented in this chapter. This work contributes not only to basic geographic models, but also to particular models in biology and physics enabling foresight investigations. According to the behaviors in the natural environment in the specific models, the behaviors are added to the CA model using data and GIS techniques. Furthermore, a method of coupling CA models of different time and space into one CA model is also explained in this chapter by a multi-scale CA model to improve simulation efficiency.

Chl-a diffusion in lakes as one of specific models of behaviors in the natural environment will be described in the next chapter as a demonstration of this work.

Algorithm 3: Create the population cell system from the cell system.

Input: Cells * , resolution, height, width // Cells * is a buffer of the cell system // resolution is number of cells on the cell system combined to the population cell system (vertical x horizontal count) // width, height are number of horizontal and vertical cells on the cell system. Output: P * // P * is a buffer in the population cell system Function generatePopulationDensity(F ): pos = 0 // position in buffer count = width * height // number of cell on the cell system for y < height; y = y + resolution do for x < width; x = x + resolution do // Define the polygon with tl, tr, bl,br tl = y * width + x // Top-left tr = tl + resolution // Top-right bl = (y + resolution) * width + x // Bottom-left br = bl + resolution // Bottom-right if tl, tr, bl, br < count then GP S_String = createString(tl, tr, bl, br) // Create GPS string following syntax 2.1 buf f erP = getP opu(GP S) // Get population directly from GPW through GPS_string, then store population density in the year, the age to buf f erP addBuf f (P, buf f erP, pos) // Adding buf f erP to the buffer of the population cell system at pos. pos = pos + 1 end end end return P * ; End Function Chapter 3

Mapping Partial Differential Equation to Chl-a Diffusion Model

Cyanobacteria, potentially toxic phytoplankton, are currently a major problem on a large scale in many basins. They have recently appeared in different provinces such as Quebec, New Brunswick, Nova Scotia, and Ontario in Canada, like in Ile de France, and Bretagne in France. According to current bibliography, there are currently no effective solutions and predictive math models that can adequately address these problems in hydrodynamic and eutrophic areas such as many industrial and agricultural Canadian provinces. Hence, a CAbased modeling approach from the Lab-STICC lab in France is developed in collaboration with cyanobacterial researches and experiments from the BBML laboratory, Dalhousie University in Canada to investigate solutions for this problem.

According to these objectives, this chapter describes the results of the research visit at BBML Laboratory. A Chl-a diffusion model in freshwater based on the CA model is proposed. The purpose of the model is to show the Chl-a diffusion and closely compare the model with experiment data; and to develop data assimilation techniques to improve predictable modeling.

The chapter is organized into three sections. The data processing from sampling and relationship between Cyanobacteria and Chl-a are described in section 3.1 proposed by the BBML Lab with the author's experiments. Section 3.2 presents a model of Chl-a diffusion under a partial differential equation. Experiments and results of the model is explained in section 3.3.

Data Processing from Samples to Chl-a Densities

Data Interpolation and Assumption Methods

For simulation spread on water surfaces, there is no measurable method of all points of the surface. Hence, measurements from sensors or field trips are performed at a number of different points on the water. The selected points are distributed according to experiences from BBML. Then, the intermediate values between points are generated by an interpolation method based on these points. Interpolation is a GIS technique used commonly to define values of continuous points from discrete points such as creating a flat surface, terrain elevation, or temperature. Several types of techniques have been utilizing in GIS systems such as linear, bi-linear, spline, polynomial interpolation, assumption method.

In our cases, we use the bilinear interpolation to get the density of cells inside the boundary of the analyzed cells. The interpolation is performed by using linear interpolation first in the x-direction. This operation is calculated in equations 3.1 and 3.2 with two cells R(x, j) and R(x, j + n) shown in figure 3.1. Then, interpolating in the y-direction obtains the desired estimation as equation 3.3 with the interpolated cell (P (x, y)). Figure 3.1 shows the 2D grid with the original location at the top-left corner, the x-axis pointing left and the y-axis pointing down.

R(x, j)

≈ i + n -x n Q(i, j) + x -i n Q(i + n, j) (3.1) R(x, j + n) ≈ i + n -x n Q(i, j + n) + x -i n Q(i + n, j + n) (3.2) P (x, y) ≈ j + n -y n R(x, j) + y -j n R(x, j + n) (3.3)
Where R(i, j), Q(i, j), and P (i, j) are Chl-a densities at position i, j in the grid. i, j, and n, represent for positions in the grid.

After the interpolation step, the data of the cells without measurement point are set to approximate densities, and this is shown on the map as in figure 3.3a. However, the map also shows that the outside cells of the green component have no value. Thus, an extrapolation method can be applied in this case to take assumption data, but this type of estimation has a higher degree of uncertainty and a high risk of producing meaningless results. A method 

Figure 3.2:

The orange cell is a cell that we want to estimate, the six blue cells show the cell's neighbors with no data, and the purple cells are the neighbors with value. Therefore, the estimated value of P (x, y) is P (x, y + 1). 3.3b. The simulation integrates both methods to set the density of all cells in the system based on the measured cells in the next section.

P (x, y) ≈                                P (x -1, y) , P (x -1, y) = -1 P (x -1, y -1) , P (x -1, y -1) = -1 P (x, y -1) , P (x, y -1) = -1 P (x + 1, y -1) , P (x + 1, y -1) = -1 P (x + 1, y) , P (x + 1, y) = -1 P (x + 1, y + 1) , P (x + 1, y + 1) = -1 P (x, y + 1) , P (x, y + 1) = -1 P (x -1, y + 1) , P (x -1, y + 1) = -1 (3.

Detecting Cyanobacteria from Chl-a Quantity and Sample Analysis

Chl-a is a pigment present in plants including Phytoplankton. The phytoplankton community in freshwater systems is mainly dominated by cyanobacteria and green algae. Chl-a is often used as an estimation of algal biomass, and the algal bloom happens when its concentrations going above 4µg/L [START_REF] Bbalali | Relationships between nutrients and chlorophyll a concentration in the international alma gol wetland, iran[END_REF]. Besides, Cyanobacterium producing toxins are called Harmful Algal Blooms (HABs). Measuring Chl-a from Satellite or sensors can be done to understand the surface area covered by HABs. In this case, we use the experimental sampling taken from the real system, then it is analyzed by experts in the laboratory. The results are taken as input data for the simulation model. The processing of sample analysis consists of five steps presented in figure 3.4. Lake Torment is a lake surrounded by forest which located in Nova Scotia, Canada, belonging to the LaHave River. The length of the area is around 2.7 kilometers, and the maximum depth is around 2 meters with a rocky floor and low sediment accumulation in the North. It is a popular lake for re-creating and resident in Nova Scotia.

Table 3.1: Chl-a densities of three points during three-time steps after analyzing the samples taken from Lake Torment.

To do experiments, we take samples from three points in the Lake Torment based on the detecting frequency of algae following observation for 4 years by BBML (Bio-fluids and Biosystems Modeling Lab at Dalhousie University, Canada). Then, these samples are analyzed according to the above five steps and yielded Chl-a densities shown in table 3.1. Finally, the data are obtained in this step as an input parameter for the simulation. This data represents an initial state in Chl-a diffusion model as explained in section 3.2.

Chl-a Diffusion Model

CA Model Under Partial Differential Equation

Partial Differential Equations (PDEs) produce accurate quantitative solutions by describing conservation principles on continuous space-time in many fields of science, such as physics, chemistry, biology, and ecology. Fick's law of diffusion was derived by Adolf Fick in 1855. It was developed to equalize concentration gradients caused by the behaviors of solute molecules drift from higher to lower concentration [START_REF] Fick | On liquid diffusion[END_REF]. Fick's second law predicts how diffusion causes the concentration to change per unit time [START_REF] Guenneau | Fick's second law transformed: one path to cloaking in mass diffusion[END_REF].

In the formal definition of the CA, cellular space is usually infinite, and the boundary condition is not necessary. However, in natural phenomena, we need to prescribe boundary conditions because the lattice requires to be finite. The common boundary conditions are periodic, reflective, and fixed. In periodic boundary conditions, the extreme cells are adjacent to each other, and it is not possible to obtain the topology with a regular lattice of arbitrary size. Reflective boundary conditions are obtained by reflecting the lattice at the boundary. This type is suited for a simulation system in which the values of physical variables are not fixed. Fixed value boundary conditions describe a fixed value determined by the application for cells on the boundary. In this work, the system boundary is indicated by points of zero elevation.

Besides, dynamic simulations with digital computing suit discrete representation of space-time, leading to discrete solutions of PDEs. Deterministic CA rules are similar generally to spatial discrete of differential equations [START_REF] Wolfram | Cellular automata as models of complexity[END_REF] [START_REF] Karafyllidis | A model for predicting forest fire spreading using cellular automata[END_REF]. The CA is fully discrete in space-time, suited for population dynamics simulation. The CA model has simple transition rules, easily understood, and a high match for parallel computing and can face a problem of deducing the transition rule from the continuum-based model. In this work, we consider a diffusion rule for CA modeling from biology concepts underlying PDEs.

Transition Rule for Chl-a Diffusion in Fresh Water

The map of the lake is organized into two-dimensions of cells (MxN) with geographical parameters: longitude, latitude on the top-left of the map following a method described in section 2.4. Each cell of the system is considered as a CA cell. The state of each CA cell at time t is a Chl-a density at that time (Q t i,j ). The cell state at time step t + 1 is determined by its state and the states of its neighbors (Q t+1 i,j ), as presented in the following equation.

Q t+1 i,j = F (Q t i,j , Q t i-1,j , Q t i+1,j , Q t i,j-1 , Q t i,j+1 ) (3.5)
The general diffusion for one dimension is shown in equation 3.6, and two dimensions under unsteady state condition with Fick's second law is presented in equation 3.7.

∂Q ∂t = D ∂ 2 Q ∂x 2 (3.6) ∂Q ∂t = D( ∂ 2 Q ∂x 2 + ∂ 2 Q ∂y 2 ) (3.7)
In which the accumulation, Q is Chl-a density, t is time step (hour), D is diffusivity constant, x and y are diffused distances. The more accurate central difference scheme can be used for the convection term [START_REF] Zhang | Analysis on two approaches for high order accuracy finite difference computation[END_REF]:

Q t+1 i,j -Q t i,j δt = D( Q t i+1,j -2Q t i,j + Q t i-1,j δx 2 + Q t i,j+1 -2Q t i,j + Q t i,j-1 δy 2 ) (3.8)
Where Q t+1 i,j is Q(x i , y j , t t+1 ), Chl-a density located in cell(i, j) at t + 1 time step. In this case δx = δy, equation 3.8 becomes equation 3.9.

Q t+1 i,j -Q t i,j = D δt δx 2 (Q t i+1,j + Q t i-1,j + Q t i,j+1 + Q t i,j-1 ) -4D δt δx 2 Q t i,j (3.9)
This computation is similar to a structured cellular automaton in two dimensions with Von-Neuman neighborhood. Where

Q t i+1,j + Q t i-1,j + Q t i,j+1 + Q t i,j-1
is the total Chl-a density which is diffused from four neighbors to the center cell, and -4Q t i,j is the total Chla density from the center cell diffusing to four neighbors. D δt δx 2 is a constant corresponding to coefficient diffusion in space-time. In the steady environment, the molecular diffusion coefficient of the nutrient is 10 -5 cm 2 /s in [START_REF] Granata | Dependency of microalgal production on biomass and the relationship to yield and bioreactor scale-up for biofuels: a statistical analysis of 60+ years of algal bioreactor data[END_REF], a vertical eddy diffusion coefficient of Chl-a is 1.1 × 10 -4 m 2 /s in [START_REF] Gelpi | Chlorophyll dynamics around the southern channel islands[END_REF], and a diffusion coefficient of Phytoplankton characterized by reaction time of 2-5 days is 0.05m 2 /s in [START_REF] Bracco | Horizontal advection, diffusion, and plankton spectra at the sea surface[END_REF]. Therefore, we test the particular case of Lake Torment with different diffusion coefficients of Chl-a from 0.00001m 2 /s to 0.01m 2 /s to get the most efficient value. Experiments and results are displayed in section 3.3.

Experiments and Results

Case Study: Lake Torment

The event of blue-green algal bloom in August 2015 showed that some algae can produce toxins. In the summer, phosphorus loading has been increased by recreational activities on the lake such that cyanobacteria would be favored. In this lake, blue-green algal blooms occurred naturally in July 2014, August 2015, and June 2016. Historical data for the lake was provided by the King's County lake monitoring program from 2014 to 2017. The average density of Chl-a was observed around 6.68 mg/m 3 , 7.41 mg/m 3 , 18.6 mg/m 3 , and 18.60 mg/m 3 in 2014, 2015, 2016, and 2017 respectively [START_REF] County | Kings county lake monitoring[END_REF]. However, there are still limits of water quality monitor connecting to biological aspects. BBML has been initiated its monitoring program since 2015. Toxins (Microcystin, Anatoxin-a) were detected when monitoring the lake from 2016 to 2018. According to the frequency and consequences of algal blooms, this lake was selected to test and experiment the model.

Modeling Evolution of Real World by Cell System Cell System Organization

The processes from GIS to the cell system follow the steps described in section 2.4. First, the map of Lake Torment is loaded from OSM by QuickMap tool explained in section 2. The map is organized into the cell grid with 4mx4m cell size.

A two-dimensional lattice of regular cells is generated by the PickCell tool, as described in section 2.4. The neighborhood taken in developing the model is Von Neumann. Other neighborhood types will be tested in the future for their suitability. The chosen neighborhood allows Chl-a to be diffused to any of four adjacent cells surrounding a central cell at each time step, and its state affects its cell neighbor states. The states of the cells are updated after each step in the simulation based on the transition rule described in section 3.2.2.

The cell system is stored in a two-dimensional array with resolution 1024x1536, and each cell is considered as a CA cell with 4mx4m cell size. The number of cells in the system is 1.572.286 cells. The Von-Neumann neighborhood is applied in this case, each cell has four neighbors which are stored index value from 0 to 3 represented in order West (W), East (E), North (N), and South (S). For example, the cell at position i,j called C(i, j) consisting of neighbors at C(i -1, j), C(i + 1, j), C(i, j -1), and C(i, j + 1).

Cell State and Transition Rule

A cell state includes its Chl-a density. A Chl-a density set is analyzed from samples of Lake Torment. Each element of the set consists of three properties: longitude, latitude, and density to store state at the geographical location in the lake. Then, the states of cells are assigned from the set and assumption and interpolation methods explained in section 3.1 and 3.1.1 known as the initial value of the simulation.

The state of each cell changes at each time step based on the transition rule presented in equation 3.9. At this stage, other impacts of nature such as wind, flow velocity, and temperature are not included in the model.

Performances and Results

A typical simulation is a series of 4,716,858 steps. In UBO lab, the simulation was executed on a small a small Linux cluster with three computers in UBO Lab (Intel(R) Xeon(R) CPU E3-1245 3.4GHz, Intel(R) Core(TM) i7-7700K 4.2GHz, Intel(R) Xeon(R) CPU E3-1240 3.4GHz). According to diffusion coefficients for molecular nutrition, the vertical eddy of Chl-a, Phytoplankton as mentioned in section 3.2.1, 3.3.1, and 3.1, the simulation is experimented from 10 -5 to 10 -2 to figure out which diffusion coefficient (D) suits this case. Two graphs in figure 3.6 represent comparisons of the experimented diffusion coefficients. This shows that D = 0.01m 2 /s is more efficient than other values.

The simulation results allows to deduce the error rates by comparing the model estimated results with the real data. The first period (10:45 to 12:45) is higher than another (12:45 to 13:45) approximately 37.8% and 10.17% respectively shown in figure 3.6 (1). This proves that the CA model under the diffusion equation is feasible and efficient for modeling and simulation the Chl-a diffusion. Moreover, the graph of the collected data in Fig 3 .7 also illustrates the density change of Chl-a from the first stage from 10:45 to 12:45 is higher than 12:45 to 13:45 [START_REF] D. L. .-. B. | OFDA CRED International Disaster Database, Average number of deaths by decade[END_REF]. According to (1) and (2), we can have a hypothesis that there are some factors such as wind, flow velocity, death, or Chl-a increase that impact the accuracy of the model. 

Conclusions

In this chapter, a CA model is proposed to simulate the Chl-a diffusion on the surface of fresh water. The CA model with the transition rule discretized from PDEs simulates the Chl-a diffusion for a particular system in a steady environment. According to the experiments, D = 0.01m 2 /s seems the most suitable value for the coefficient diffusion with an error rate of 10,17%. This work contributes to one of the methods to simulate the natural biological phenomenon taking advantage of the CA model.

The simulation is performed on a small cluster with MPI to obtain highly efficient computation to real-time response to the changing behavior of algae in the lake to minimize the consequences of HAB.

The model results show that the error rate will be increased in an unsteady environment. In future work, we will add some environmental factors impacting the Chl-a diffusion to improve the model accuracy. Besides, we are necessary to do experiments with more points on the lake and on other lakes to enhance the model efficiency by building a sensor network. Integrating remote detection and ground sensor is a method to reduce sampling costs and real-time response.

A model of flood behaviors will be illustrated in the next chapter as another demonstration of modeling behaviors in the natural environment based on the CA model.

Chapter 4 Water Flow and Flood Model Based On CA Model

Producing and displaying simulation helps to investigate environmental risks, such as fires, flooding, climate change effects, and pollution. Geographic information inputs for such simulations are numerically, possibly very stable such as terrain topology, or evolving quickly, such as catastrophic environmental events. Source of information varies from automatically distributed sensing, aerial measure analysis, existing geographic databases, to administrative data collection.

Besides the geographic location, the information about the time sampling is of major interest for simulations, being a key point in understanding simulated processes. A simulation input is thus a set of values with geographic positions and a time reference. Values represent a measure of a particular parameter at a given time. Practically, parameter evolution can be represented by Multi-dimensional arrays. As an example, a three-dimension topology measure associated with a time dimension will allow representing ground distribution of water evolution, or distribution of population, as well. Scales of time range from minutes for storm rains, to month for dryness progresses, and years for population density. Spatial resolutions are from meters to kilometers, with easy or very difficult sampling. Understanding how these components can interact in a system can be done by running several simulations together, collecting the status of components step by step, following a clock.

In this chapter, we are considering two clocking systems. One is the population density evolution, worldwide level, with one sample every 5 years and age intervals. The other one was an estimation of storm rain ground propagation, up to risky levels presented in section 4.3. The spatial domain is wide, from kilometer to one hundred of kilometers, and for each population density considered, the number of steps to be executed is also wide, since the water must be propagated over the surface. The chapter shows the estimation of 55 risks for a changing density of the population. It explains how the simulation is executed on high-performance computers suitable to obtain results in short delays.

The development of tools targeting environmental simulation was in the background of this work, with application cases for flash flooding, signal and sound propagation, insect spreading illustrated in section 4.1. These developments were supported by a Cellular Automata model. CA segments data space in zones of similar size with geographic. Processes handle the local cell evolution and communications with neighbors to mimic physical world dependencies. Section 4.2 presents a case study of Mont Aigoual, in the South of France with simulation results. Following an analysis of flood progress, an alert system is proposed in this chapter to minimize the consequences of flood events by placing warning sensors to risk points described in section 4.4.

It is expected that this investigation method could help the evaluation of risks coming from combining several events having different causalities: heavy rains, fires, shore flooding, industry accidents, changes in human or wildlife behavior.

Flood Modeling

Following the process organization of cell systems in chapter 2, to represent a geographic area, a regular 2D lattice of cells can be used to provide a CA discrete space set up. Developing simulations consists of describing cell behavior and exchanges. In our present framework, there are interactive tools available to do this work quickly, previous to transition rules and exchange descriptions, done in high-level programming syntax. Examples are given in [START_REF] Truong | Multiscale geographic exploration, observation, simulation, and representation[END_REF]. A simple neighborhood for the flooding simulation in that paper as well as in this work is the Von Neumann type. The chosen neighborhood allows water to be distributed or collected to/from any of the four adjacent cells at every time step, depending on the terrain elevation. Cell states are updated after each step in the simulation based on a transition rule presented in section 4.1.2. In the case of modeling and simulation of flooding, infiltration is one of the factors impacting the accuracy of the system. However, it is difficult to quantify clearly the infiltration rate, depending on the slope surface, vegetation, soil structure, and other factors [START_REF] Norbiato | Flash flood warning based on rainfall thresholds and soil moisture conditions: an assessment for gauged and ungauged basins[END_REF]. One way to solve the problem is to use the probabilistic methods as shown in section 4.1.1. This probability value is then integrated into the transformation rules as outlined in section 4.1.2.

Entropy Model Overview

The first entropy concept was introduced in the mid-nineteenth century by the German physicist Rudolf Clausius and described as the transformation content by dissipative energy during a state change [START_REF] Clausius | Ueber die bewegende kraft der wärme und die gesetze, welche sich daraus für die wärmelehre selbst ableiten lassen[END_REF]. The concept has been continually enriched, developed and interpreted by researchers in many scientific disciplines, including equilibrium and nonequilibrium thermodynamics [START_REF] Inaba | Ceria-based solid electrolytes[END_REF], [START_REF] Buyukkilic | Enthalpies of formation and insights into defect association in ceria singly and doubly doped with neodymia and samaria[END_REF], statistical mechanics [START_REF] Collings | Low-temperature specific heat[END_REF], [START_REF] Schliesser | Lattice vacancies responsible for the linear dependence of the low-temperature heat capacity of insulating materials[END_REF], cosmology [START_REF] Shi | An improved technique for accurate heat capacity measurements on powdered samples using a commercial relaxation calorimeter[END_REF], life sciences [START_REF] Martin | Specific heats of copper, silver, and gold below 30k[END_REF], [START_REF] Smith | Low temperature heat capacity of na4uo5 and na4npo5[END_REF], chemistry [START_REF] Schliesser | Heat capacity and thermodynamic functions of nano-tio2 anatase in relation to bulk-tio2 anatase[END_REF], Geo-sciences [START_REF] Phillips | Maximum entropy modeling of species geographic distributions[END_REF], social sciences [START_REF] Proops | Entropy, information and confusion in the social sciences[END_REF], and information theory [START_REF] Gray | Entropy and Information Theory[END_REF].

One of the noteworthy researches is the invention of entropy as a term in probability theory by Claude Shannon. He proposes a measure of information based on the theory of communication in 1948 [START_REF] Shannon | A mathematical theory of communication[END_REF]. The message is conceived as a string of random variables, and the average level of information, surprise, uncertainty in the variable's possible outputs is called the entropy of a random variable in information theory. Probabilities of occurrence are p 1 , p 2 ,...,p n , and the message has a number of states x 1 , x 2 ,...,x n . A measure H(p 1 , p 2 , ..., p n ) satisfies all of the requirements for the information content of the form as equation 4.1 [START_REF] Shannon | A mathematical theory of communication[END_REF].

H = -K n i=1 p i logp i (4.1)
Where the sum from i to n is over all possible events. K is a positive constant.

Entropy Model for Infiltration

The proposed entropy model for flooding is composed of six components with infiltration equations commonly used in fields such as hydrology, watershed management, and agricultural irrigation [START_REF] Singh | Entropy theory for derivation of infiltration equations[END_REF]. Infiltration into soil derives from well-known equations based on probability distributions of the infiltration rate.

Constraints are determined by defining parameters of the equations in terms of measurable information, validated by experiments on four data set studies. Robertsdale loamy sand I, II, Stilson loamy sand, and Troupe sand data sets were obtained and used in the study, and have been reported by the Agricultural Research Service of the U.S. Department of Agriculture. For the first and second data sets, rainfall was applied at a uniform rate of 12.21 cm/h until a constant runoff rate was achieved. It will be applied again after it stopped 60 minutes at a lower rate. The initial rates for the two last datasets are 12.82 cm/h and 16.51cm/h. The applications were tested in different infiltration equations, and results of entropy varying from 1.90 to 2.88.

Integrating Entropy Model Output into Transition

Rule

The land data assimilation system (LDAS) provides the global land data assimilation system (GLDAS) Soil texture with 16 category classes [START_REF]Land data assimilation system[END_REF] to define the type of land with 16 colors as shown in figure 4.1. Moreover, with cell systems organized as explained in the above sections, one layer is included in the system as a representation of types of land. Integrating three of the above observations, an integral equation is proposed to obtain the probability of remaining water at the central cell at time step t (P t c ) as equation 4.2. Where P t entc is an infiltration probability of water obtained from the maximum entropy model. The entropy model classifies training samples to groups of soil types based on the color of the map. The size and land type of cells are inputs of the model. The output of the model is an infiltration probability of a cell by using a search algorithm.

P t

variability is the changed probability of water infiltration at time step t. The calculation process determines the water quantity of each cell distributed to its neighbors at each time step. An algorithm based on principles of terrain elevations is proposed to calculate the quantity of water propagating to neighbors [START_REF] Truong | Cellular simulation for distributed sensing over complex terrains[END_REF]. According to this model, water propagates from the cell to neighbors at a lower elevation shown in figure 4.2. The rainfall input at step time t + 1 is denoted by rf t+1 c . The current water quantity of the cell and its neighbors at step time t are q t c , q t i respectively, and at step time t + 1 are q t+1 c , q t+1 i . P t sentc is a water probability that the cell sent to its neighbors as equation 4.3.

P t sentc = nb i=1 e i nb j=0 e j (4.3)
Where e i and e j are elevations of i th , j th neighbors respectively, and j=0 is the cell. The remaining water quantity at step t+1 (rm t+1 c ) is calculated by equation 4.4. Not only, the cell sent water to its neighbors, but also it received water from its neighbors. So, the quantity of water can be received from its neighbors calculated by equation 4.5.

rm t+1 c = q t c -P t c × q t c (4.4)
recv t+1 c = nb i=1 r i q t i (4.5)
Where r i presents the ratio of the i th neighbor based on the total elevation of the cell's neighbors. The cell state is updated at time step t+1 by equation 4.6.

q t+1 c = rm t+1 c + rf t+1 c + recv t+1 c (4.6)
Where rf t+1 c is rainfall at time step t+1. The natural environment flood behavior is based on the CA model with transition rules explained in this section. The model will then be tested in a case study in Mont-Aigoual, France to demonstrate the model efficiency in section 4.2.

Case Study for Flood Model

Automn 2020 brought 2 major flooding events in France, one on the Mont Aigoual, the other in south east Alpes Maritimes with tremendous destructions : more that 1 billion of euros, not mentioning people disappeared. Mont Aigoual flooding analysis is discussed in this secion, and later.

Mont Aigoual Characteristics

Mont-Aigoual located upstream of Cévennes is known for its extreme weather conditions with very low temperatures in winter, almost constant winds, and heavy rainfall up to 4000mm some years. This heavy rain supplies many rivers in Cévennes. The mountain slopes of Aigoual are free of vegetation due to overgrazing in the nineteenth century. 

Cell Organization

The map of the case study got from OSM at longitude 3.56781, latitude 44.12851, and zoom 14 is organized into a cell system consisting of 1,048,576 cells with 9mx9m cell size.

A cell state is the amount of water at its location, and the initial states of cells are 0. Cell states are updated following the transition rule explained in section ?? with the Von-Neumann neighborhood.

The rainfall is collected from a weather station at Mont Aigoual [START_REF] Previsionmeteo | Relevés horaires mont aigoual (france)[END_REF] for 36 hours from 4:00 September 19 to 15:00 September 20 as a parameter of the simulation shown in the graph 4.4.

Experiments and Results

Simulations are performed for 36 hours corresponding to 37,748,736 steps. The result shows the highest water amount at 17:00 on September 19, 2020 presented in 4.5a. There are 94 positions indicated by yellow points with water accumulation greater than 1000mm as shown in figure 4.5b. A representation of results is the Valleraugue point with longitude=3.642826, lati-tude=44.08068, and elevation=351m. This is as proof of the changed state of risk points step by step in the simulation shown in the graph 4.6. The graph illustrates the water amount increasing to 1202mm from 4:00 to 17:00, then decreasing and going to 0mm from 18:00 to 15:00. The risk starts at 14:00 when the water amount catches 1000mm after heavy rain approximately 76mm/3h from 11:00 to 14:00. The highest water quantity is reached at 17:00 and backed to 0 at 9:00. This indicates that the flood comes quickly and dangerously after heavy rain lasting a few hours, and the water amount needs several hours to completely drain, even when the rain stopped. According to the above observations, the simulation performed on the second and third scenarios gives good results. However, we cannot decide which one is the best because it depends on different contexts. For example, if the main requirement of a context is a realtime response, then the third scenario is selected. On the other hand, if the solution is to optimize system resource usage, then the second solution would be the best one. This section shows experiments and results of modeling and simulation for flood behaviors in a complex system. The simulation is performed in 36 steps. Then, the results are compared to estimated values on Vigicrues [START_REF] Vigicrues | Station valleraugue[END_REF] and french news [START_REF]Orages et inondations : le gard en vigilance rouge, une «deuxième vague» attendue dans la nuit[END_REF], showing the model precision and efficiency. Figure 4.5b shows yellow points representing the high water level at these locations. According to the results of the yellow points, a method of risk estimation is proposed in section 4.3 to observe the level of risk by combining models of different behaviors that increase the level of risk.

Risk Estimation Related to Population Density

The Multi-scale cell system integrates two cell systems to show risks for overpopulated areas during spreading floods. To follow the risk developments in the multi-system, risk points are selected from points having a high water level and population. Particularly, values of risk points are classified into four risk levels called r1, r2, r3, r4. Each component in the group means representation for the devastation of roads (r1), transportation and bridges (r2), damages to human life (r3), and disasters for people, even death (r4) with values of densities shown in table 4.2. Points in the system are distributed in the groups by equation 4.7. This evaluation is performed in the case studies with diagrams 5.9, 5.11 and 5.13 in chapter 5, and is shown in tables 4, 5 and 6 (appendix 7).

r i = f (f d i , pp i ) (4.7)
Where values of flood depth (f d) and population density (pd) is corresponding to the groups of risk points as shown table 4.2. Besides, the dynamic probability with time relation is illustrated after running the simulation r1 -t1, r2 -t2, r3 -t3, r4 -t4. Where t1, t2, t3, t4 are 6 hours, 6-12 hours, 12-24 hours and 24-32 hours respectively. For the experiments in this work, the third group (r3) is represented by the groups for the results of estimated risks because the group starts increasing damages for people. The yellow points represent the risk points without past reference. Red points figure remarkable trends of increased risks by comparing population densities to past years, and decreasing risks are orange points. Besides, the management of risks based on ages is also described in each below case with three age groups of population density: 0-14, 15-65, greater than 65 years old. The data of risk points for three cases is shown in tables 7 (appendix 12), 8 (appendix 13) and 9 (appendix 14). This section explains a risk estimation method based on a multi-scale model consisting of two behaviors: flooding and population to observe the level of risk in each location during heavy rain. The final step is to alert these locations automatically and in real time to assist detection and counteracting of the flood consequences. Thus, a method for the warning system will be explained in the next section based on the results of the risk estimation method.

Group flood depth (mm) population density (km

Synthesis of An Alert System

According to the simulation results in the above sections, there are some places that accumulate large amounts of water in a short time such as from 6 hours to 14 hours. This shows that these places are more dangerous than others. Therefore, a warning system is proposed in this section to minimize the consequences of flood events, especially flash floods. As example alert sensors can be deployed on maximum risk nodes. The yellow points are situated on torrents explained in section 4.2.2 and all the yellow points communicate with each other creating a network in the system. The system building process consists of three steps as follows:

1. The water is collected into the torrents (a torrent representing a node in the network):

water propagation based on the transition rule during the simulation presented in the above sections, and the result shown in figure 4.8a. The yellow points represent torrents that accumulate high water quantities higher than 1000mm.

2. The torrents meet in confluences: a confluence indicates a place that accumulates water from neighboring nodes according to a radius shown in figure 4.8b. The red points represent confluence points in the network with a radius of 2.

3. The system is formed by confluences: a set of confluences consisting of red points labeled as the confluence. The accumulations mainly take place at these confluences. These confluences are produced from the above step with algorithm 4. These points are interesting places to place the sensors to monitor and build an alert.

Conclusion

Joint simulation of multiple environmental processes allows producing knowledge on interactions between artificial or natural behaviors, even in complex contexts.

This was illustrated in the case of flooding produced by heavy rains, and population density, producing information about risks coming from the climate evolution, and urban decisions.

Algorithm 4: Confluences Algorithm in Parallel Programming

Input Data for this study come from two sources which are population density statistics produced in different countries, with different precision and frequency, then circulation of rain water on the ground.

By running simulators representing past, current, and expected contexts, it becomes possible to detect positive and negative risk evolution. Simulations that embed topology or population density changes can help information, and decision making in many difficult situations. In case of a major urgency, running simulation allows predicting short term dangers.

Furthermore, critical points are detected and defined after simulations based on water levels and population densities to track flooding path and risk places. Sensor networks can be built on these points to reduce system construction and performance computing costs, and improve system accuracy and efficiency.

Three case studies on different scales with different complexity terrains will be explained in the next chapter to demonstrate all points in this chapter. Chapter 5

Risk Estimation: Flooding and Social Factor

United Nations have emitted a number of strong warnings about the risks due to climate changes. Among these risks, different kind if floodings are diagnosed to be dangerous for populations, directly, and indirectly, because of potential destructions and economic impacts. Several kind of floodings are flaggged, such as sea rise and hurricanes, or flash floodings. Despite a certain robustness of their organization, even the more developped countries can suffer important damages.

During the fall 2020, France had two noticeable events, one in Cévennes, the other one in south east, Nice region. According to local autorities the economic cost is in the order of 1.5 billions euros with cities, roads, railways, tourism stations being destroyed [START_REF] Guardian | Storm alex brings flooding and devastation to south eastern france[END_REF].

Considering the risks, this chapter describes a composition method of the flooding estimation, with bigger and bigger rain falls, with urbanism and population density. The two elements can be considered as processes, short periods and sampling in the order of 1 hour for rain and flooding, long periods and sampling in the order of 5 years for urbanism and population densities.

The studies are explained on three different cases, considering public data on populations collected by respective administrations. An overview of three cases with different characteristics of terrains and population density is the first section in this chapter. This section also explains multi-scale models in particular cases based on methods described in section 2.3 (chapter 2), where a population density grid and a water quantity grid represent coarse and fine grids respectively. Section 5.2 describes experiments and results in these cases by testing them on high performance computing based on the risk estimation methods. Then, according to observations, discussions of results, contributions are exposed in the final section.

Test Case Presentation

The case studies used in our experiments are places, concentrating high population densities and diverse characteristics such as Nice-Antibes, the Mekong delta in Vietnam, Karachi in Pakistan, shown in table 5.1 as described below. • The Mekong Delta (MD) in Vietnam is used in this work as a case study for this type of terrain on large scale, located in southwestern Vietnam, including 13 provinces with a total area of 40,000 square kilometers. With a population of 15 million people living in four million hectares of land which is rich in soil and water resources, the MD has great potential for agricultural and aquacultural production [START_REF] Renaud | The mekong delta system: interdisciplinary analyses of a river delta[END_REF]. According to the Vietnam Environment Administration, the MD is perpetually facing flooding, typically occurring during the wet season [START_REF] Hashimoto | Environmental issues and recent infrastructure development in the mekong delta: review, analysis and recommendations with particular reference to large-scale water control projects and the development of coastal areas[END_REF], [START_REF] Hoang | Managing flood risks in the mekong delta: how to address emerging challenges under climate change and socioeconomic developments[END_REF]. This has an impact on the regional economy such as crop failures. One of the reasons is high intensity and localized rainfall over short periods.

• On the other hand, Karachi is one of the highly populated cities of Asia located in the southeastern part of Pakistan, while the urban population density along the coastline varies from 10 to more than 7000persons/km 2 [START_REF] Bakhsh | Flood inundation modeling for malir watershed of karachi considering future mean sea level rise[END_REF]. It covers an area around 3, 527km 2 and mostly comprises flat or rolling plains with hills on the western and northern boundaries of the urban sprawl. The average annual rainfall over the coastline varies from 125mm to 250mm. This place features more risks because of the sudden climate change such as flash floods, storms with the characteristics of the terrain, and high population density. Following these above points, Karachi is a bright spot for a case study.

• Nice-Antibes, featuring mountains, rivers, shores, and lakes is an ideal area to do some experiments. Flooding is one of the impacts of climate change and had serious consequences in this area. For example, violent storms sparked flash floods in Cannes, Biot, Golf-Juan, and Mandelieu with rainfall around 159mm causing the death of 17 people in October 2015 [START_REF] Leroux | A mandelieu-la-napoule, sept personnes mortes dans leur garage[END_REF]. Damages to the economy and human life were also caused by the heavy rain (250mm) during 48 hours in November 2019 in Mandelieu located in the South East of France [START_REF]Inondations : deux morts dans le var, trois secouristes tués près de marseille[END_REF]. The places with these characteristics concentrate a large amount of water (as near l'Argentière River).

Population Cell Organization

The cell system of case studies generated from OSM with methods in section 2. The population density is represented into cell variables according to the evolution over Besides, the increases are more concentrated in the South, South-East, and along the north coast of Karachi. As a result, these locations will be more at risk when floods, storms or other events occur. density is higher in cities. From 2000 to 2020, the increase of people extends to the suburbs of these cities.

According to the overview of the results of three case studies, flooding events impact directly on human life, such as lost houses, injuries, even death. So, including the population in the flood simulation system not only warn flood, but also reveal risks due to the flood. This mitigates remarkable consequences of flooding on human life. The population and flooding integration is explained in section 5.1.2 as one of the solutions.

Coupling Physical and Population Cell Systems to A

Multi-scale System Estimation of Flooding

A hypothetical rainfall is used as a uniform sky input of 30mm per hour. The water propagates to neighbors following the transition rule in the cell system as described in section 4.1.2 (chapter 4) for 32 hours with cell organization shown in table 5.3. The system is performed with an architecture system with configuration as presented in table 2 (appendix 4). To make clear observations of the simulation, the cell risk is calculated from the high water quantity and is shown in the result as blue points. Particularly, the result of flooding simulation is shown in figures 5.6a, 5.10a and 5.12a with a risk cell greater than 1000mm.

A Multi-Scale System

Firstly, the population model is explained over the years in section 5.1.1. Secondly, the flooding system represented as a physical cell system is described in this above section. Moreover, the method of coupling population and flooding systems is detailed in section 2.3 (with observation as figure 5.5). Thus, the Multi-scale cell systems are created by including population densities as an attribute of the cell data structure with resolutions shown in table 5.4. Then, an interpolation method is applied to set the population density of cells in the Multi-scale cell system as algorithm 2 in chapter 2 at section 2.3. Table 5.4: The organization of cell systems for three cases is integrated from physical and population cell systems. 

Case studies Number of cells Cell Size

Experiments and Results for Three-Cases

The parameters of the model store as decimal files with two layers: from the cloud with rainfall, and from the ground with the characteristic of the cell. Each cell state in the system consists of an amount of water and a population density with an initial state 0 and population density collected from GPW respectively. The state is simultaneously updated at each time steps based on the transition rule shown in section 4.1.2. The principle of the local rule is that the water quantity of the cell spread to its neighbors which lower elevation than the cell. Cells in the system communicate with the neighbors through channels of id, and channels are determined following neighborhood types of the CA model. The channel is stored and performed similarly to the model for the diffusion of Chl-a described in section 3.3.2. The picture illustrates the proportion of young and old people from 20%-30%, and these groups of ages will be more dangerous than another group. 

Mekong Delta (MD)

The cell system of the MD has a number of cells greater than [START_REF] Guy | French beaches closed due to toxic algae bloom linked to two deaths[END_REF] The total population of risk points affected by flooding during 32 hours of heavy rain in the MD with water groups is shown in diagram 5.11. Five million people in 2000 and eight million people in 2020 are affected by the flooding in the first group. The second group with its risks impacts approximately 1.3 million people in 2000, and 1.8 million people in 2020. The double of total people is in a dangerous situation from 2000 to 2020 in the two last groups with 2.5-4.2 million people. According to these views, this location concentrates a huge population, and the flood risks impact more dangerous to the economy, environment, and human life in this place which increasing remarkably in recent years. , where the rate of increasing points is 100 % over the years presented in table 9 (appendix 14). The risks remarkably increase from 2015 to 2020, from 275 points to 536 points on the east of Karachi. These places illustrate a rapid increase in population leading to more risks in the future and should be focused to mitigate its consequences.

Karachi

Impacts of flooding during 32 hours of heavy rain on people living in Karachi are presented in figure 5.11. Following the separated groups in the section, the total population is influenced by flooding with the first group roughly 1.5 million in 2000 and 2. second group. The third group consists of 320 thousand and 500 thousand people in 2000 and 2020 respectively. The dangerous mark in this case is the number of people impacted by flooding in the last group with the growth of double from 2000 to 2020 (700 thousand people).

Conclusion

The underlying methodology uses regular grids of cells and modeling of local physical exchanges. The framework of Cellular Automata is convenient to represent a step by step evolution, extracting data from different sources, using geographic coordinates. Simulating a wide area with high precision necessitate high-performance computing. The use of MPI addressing distributed memory supercomputers was investigated taking care of an optimal use of computing resources. Three case studies with experiments and results are described in this chapter to demonstrate the methods of risk estimation, then detection critical points to help to build an alert system as explained in the previous chapter.

The use of such computers with the tools and methods for high performance computing will be described in the next chapter, providing an alternative to Graphic Processing Unit demonstrated in [START_REF] Truong | Cellular simulation for distributed sensing over complex terrains[END_REF], with better scalability and flexibility. Table 5.5 shows efficient results of these methods in three case studies with speed up 600 times. It is expected that real applications and investigation frameworks will be developed to reach public information needs. The final conclusion is the wide applicability of the exposed methods taking into account current earth and life questions. Table 5.5: The execution time of the simulation system is performed on the supercomputer with 48 nodes of 48 threads (2304 total number of threads). Chapter 6

Number of steps Number of cells

Size of cell system

Size of cell population

High Performance Simulations

Large scale simulations are obtained from systems that possibly include millions of cells planned over a geographic surface. In a way similar to meteorology grids, the precision of the predictions is related to cell size, possibly in the order of a few meters or lower. CA is a model used to produce parallel execution applying a transition rule to a neighborhood.

Given the distributed nature of the cell system, it can be noticed that the local behavior needs a number of steps to obtain a significant stable global status: traversal of a N × N cells needs N steps. So, simulations on a large scale will encounter issues such as memory use, local performance, and possibly realtime. Another aspect is the diversity of simulations to assemble and the way we do this assembly. In this work, we consider simulations as independent tasks, interacting at a local level. So, there are several global processes scheduled and interleaving with different rates. The test case merges the slow population density evolution with the surge of flooding: this is years against hours. Conceptually the programs will have procedures for these tasks and a scheduling table read by the local transition rules.

A flow chart of the simulation system is described in section 6.1. This section explains to general steps from processing input to the output of the modeling and simulation. The next section explains how to map a simulation system on a distributed-memory system. Shared-memory programming performed in C language as described in section 6.3 is another method for HPC. Optimization of the simulation performance is proposed in section 6.4 by the hybrid of shareddistributed memory. There are three main steps for the simulation system displayed in figure 6.1: (1) preprocessing and merging data set, (2) cellular mathematical model specification, and (3) parallel program organization and calculation.

Simulation System Overview

1. In the first step, information system principles are presented in section 2.4. A map serves as a support to produce sets of cells according to a two-dimensional segmentation, possibly selecting subsystems according to filters. Specific tools assist this segmentation efficiently, then they rewrite files according to specific targets [START_REF] Truong | Multiscale geographic exploration, observation, simulation, and representation[END_REF]: Occam process system, multi-thread, CUDA program for GPUs, or others. Additional data are extracted from external sources, such as cell elevations and population in this case.

2. Transition rules of CA models are explained generally in section 2.2, particularly in section 4.1.2 and 3.2.2.

3. Parallel computing takes place by assembling the system generated from step 1 with behavior described in step 2 (seeing this chapter).

The design effort is done in step 2, the rest being automatic.

Distributed Memory Programming

Using MPI

A distributed memory system consists of a set of core-memory pairs connected through a network. Message Passing Interface (MPI) is a de-facto standard for developing highperformance computing applications on distributed memory architecture used in scientific computing [START_REF] Barney | Introduction to parallel computing[END_REF]. MPI has been applied successfully to program our system [START_REF] Protopopov | A multithreaded message passing interface (mpi) architecture: performance and program issues[END_REF]. The most important advantages of this method are achievable performance and portability. The MPI library is often used for parallel programming cluster systems (OpenMPI, MPICH) [START_REF] Dolbeau | A Hybrid Multi-core Parallel Programming Environment[END_REF], and supercomputer. Schemes of partitioning the data, selection of communication methods, and management of communication results are based on MPI program.

Figure 6.2: Flow chart of the system model in the MPI framework

A send message is called blocking when it does not return until the message and envelope have been safely stored. Therefore, extra memories are necessary, which leads to an increase in the cost of message buffering. Several communication modes allow control of the communication protocol such as standard, buffer, synchronous, and ready. However, these modes can cause overload buffer space, deadlock, especially low performance or unavailability of large data.

Non-blocking communication has been proposed to improve performance and solve deadlock by overlapping communication and computation. Blocking and Non-Blocking in the point to point, collective, and group communication are the basic mechanisms for sending and receiving messages with standard, buffer, and ready mode processes.

In this case, a grid of cells is decoupled in blocks of cells which will receive and execute each process. Using collective and group communication leads to a lack of neighbor cells on border bound rows or columns. Thus, the point to point method was found more efficient in this approach. The method is explained with more details in appendix 1. The data management and model deployment in a particular system are illustrated in section 6.2.2.

Figure 6.3:

The master node parts cell system to four sub-cell systems corresponding a number of nodes in the system. In the loop, node 1 sends the penultimate line of changed cells to the first line of node 2, node 2 sends the second line of changed cells to the last line of node 1, and the same task is performed on the rest nodes in the cluster.

Mapping of Tasks on Computer Nodes

The simulations are achieved by executing concurrent algorithms specified in C language, using distributed memory method as illustrated in algorithm 7 (appendix c)). These simulations are performed on a supercomputer with a large number of nodes. Each node is itself an highly parallel sub system associated to an architecture of local intercommunication to communicate with another node as in figure 6.4. Hybrid distributed and shared memory programming is described in section 6.4.

The MPI executed the simulation system takes the following steps. First, the partitioned data are performed according to the number of cells in the system and parallel computation characteristics of the system calculated by equation 6.1. In the second step, each data part is sent to each node in the cluster to perform tasks.

Q = h/n (6.1)
Where h is a number of data lines, and n is a number of nodes in the system.

Q i =          Q + 1 (i = 1) h -Q(n -1) + 1 (i = n) Q + 2 (1 < i < n) (6.2)
Where Q is a count of data lines which is separated in the general calculation, Q i is an explicit count of data to send to Node i. In the case of cells located on the boundary of each part as figure 6.2, these cells are lacking neighbors. Therefore, the way to manage this situation is to send the state of cells on the boundary to the neighbor nodes according to equation 6.2 as shown in figure 6.3.

Besides, one important point is communications and synchronization on MPI. When the cell state calculations of all nodes are completed, the results of boundary cells from different nodes need to be exchanged with each other to enter the next time step of the calculation. In this work, non-blocking is used to exchange data with the amount of data following equation 6.2. Finally, a synthetic method is performed on a server node to synchronize all changed state cells with received data from nodes in the cluster.

Multi-threading with Shared Memory

Using Open Multi-Processing (OpenMP)

In shared-memory systems with multiple processors, each processor can have a direct connection to the main memory or through special hardware [START_REF] Pacheco | An Introduction to Parallel Programming[END_REF]. The time to access all the memory locations will be the same for all the cores called uniform memory access (UMA) shown in figure 6.5. This helps to not only analyze but also to evaluate system performance. Pthreads and OpenMP are two standard APIs for shared-memory parallel programming. In Pthreads, the programmer needs to explicitly specify the behavior of each thread, while in OpenMP, the compiler and the run-time system determine the tasks and which thread should execute. Because Pthreads provides the power to program virtually any conceivable thread behavior, its cost is higher than OpenMP. In the simulation systems based on CA model, cell states are updated at the same time with the local transition rule. Moreover, the costs of the system simulation on a large scale are also challenges that need to be concerned. Thus, this work takes advantage of OpenMP to get high-performance computing. OpenMP was developed by a group of programmers and computer scientists, and they defined the OpenMP specifications with shared-memory programs could be developed at a higher level.

Deployment of Simulation System on Threads

As explained in chapter 2, cell systems prepared for simulation systems are known as a set of cells with structure defined following behaviors of natural phenomena. The systems are more complex, leading to more challenges of computation, performance, cost, and capability.

Following the advantages of shared-memory methods, the cell system is divided into sub-cell systems (SCS). Each SCS performs its works with its data part. The sharedmemory flowchart is shown in section 6.3.1, and structures, implementation and compiler are presented in appendix 2. The rest question is how to manage and deploy data to perform simulation systems. So, the data are separated into n parts based on the number of threads in the processor as equation 6.3 with pseudo-code algorithm shown in appendix b).

n i =    N/n (i = n) N -(n -1) * (N/n) (i = n) (6.3)
Where N is the total number of cells in the cell system, and n is a number of threads used in the simulation. The current thread is represented by n i . To observe clearly the mapping, figure 6.6 shows a method of data management deployed for each thread in the shared-memory system.

Hybrid Computing

For simulation systems with small or medium data size, the shared memory method is applied to get high performance. In the case of data where simulation systems increase until enough big leading to over-sized memory, the distributed memory with independent data is applied to solve this problem.

Moreover, to take advantage of a message-passing computer, the combination of the distributed memory parallelism, communications on the node interconnect, with the node level shared-memory thread capability is necessary [START_REF] Rabenseifner | Hybrid mpi and openmp parallel programming[END_REF]. The implementations of this work took care of node-level efficiency to ensure optimization of computer resource utilization. Figure 6.6 presents the local mapping of data for the execution of the simulation system on high-performance nodes of a shared-memory architecture. Figure 6.4 shows the global level principle of an organization combining such nodes with communication capability.

Testing from small to large cell systems has demonstrated speedup from 20x to 600x as shown in table 5.5. Hybrid programming is performed according to the algorithm 8 in appendix 5 with the system architecture presented in figure 6.4. The Occigen supercomputer we used for experiments has a node level thread parallelism in the order of 24, while the total thread capability exceeds 50000. Figure 6.4 shows a method of compiling two architectures of shared-distributed memories to a hybrid architecture for simulation systems in this work, in which each node in the system consists of N processors and communicates between the nodes via interconnection. Each processor has n cores, and two threads of a core and connects others by interconnections. To manage and observe easier, we number the threads from 0 to n in each processor. For example, if each processor has 4 cores and each core has 2 threads, the threads are numbered from 0 to 7. Besides, a hybrid program structure is described in appendix 3 to understand more this technical method.

Cost and Performance Quantitative Analysis

The effective CPU utilization and speedup of performance depend on the system size and number of steps of the simulation. The simulation optimization was based on practical experiments as demonstrated in table 3 (appendix 7). This table shows predictable and stable costs with the optimal CPU use, with the method used for local node optimization illustrated in figure 8 (appendix d)) and 6.8. First, the system simulation for Mandelieu-la-Napoule with 4 millions of cells, a 16 square meter cell size run in 192 million steps reaches approximately a stable cost at 48 nodes of 48 threads with speedup x183 shown in table 3 (appendix d)). Besides, the effective CPU utilization increases from 1 to 5 nodes of 48 threads and decreases from 6 nodes to 192 nodes of 48 threads. Another scenario in the same system with 672 million steps, the power of CPU utilization grows from 1 to 24 nodes, and downs from 25 to 192 nodes presented in figure 8 (appendix d)) and 6.8. The minimum execution time approximately gets stable at 48 nodes (48 threads per node). Following these results, this work tests the Multi-scale cell systems corresponding with the case studies on 48 nodes of 48 threads (2304 total number of threads) to optimize performance costs and sources, and the results are presented in table 5.5.

Obtaining optimality for mapping of threads associated with cells with regard to nodes, processors, cores is illustrated by a specific simulation explained as follows. Nodes are those of the Occigen computer allocated from 1 to 192. The total number of threads per node is calculated by multiplying the number of processors, the number of cores per processor, and the number of threads per core. For example, a simulation involving 48 threads means 2 processors with 12 cores, each core executing 2 threads.

The collection of data is obtained using the Intel Vtune Profiler (IVP) tool, which displays the computation load for the nodes, as shown in figure 8 (appendix d)). The below bar of the diagrams is split into three parts represented by three colors: red, orange, and green. The three following diagrams present estimated idle (red), average (orange), and ideal CPU (green) statistic. The red, orange and green parts show poor, acceptable, good CPU utilization of the simulation respectively. Figure 8 (appendix d)) illustrates the idle utilization with the blue column deviating to the left and closer the right and accounts 46.1% parallelism. The diagram 6.8a presents the average of parallel performance with 65.3%. The best performance, in this case, is shown in diagram 6.8b with the column moving to the right.

Besides, the experiments of the simulation get the stable cost and resource utilization in 48 nodes with 2304 total number of threads. A representation of experiments Mandelieu has performed 192 and 672 million steps in the same above architecture is tested to demonstrate the results. 

Conclusion

This chapter shows technical methods from single to hybrid architectures to solve challenges for simulating complex systems. These methods show their efficiency by improving performances and reducing costs in large systems. Particularly, the parallel program with hybrid shared-distributed memory is one of the best ways to get high-performance computing for larger systems. Comparison of the efficiency of these methods are presented in section 6.5. This chapter is also the last contribution of the thesis. All contributions of the thesis will be summarized in the next chapter.

Chapter 7 Conclusion and Perspective

Conclusion

Geographic Space and Resolution

This work proposes a tool to organize the simulated area on CA systems on a large scale based on GIS techniques and its geographic behaviors. It also describes how large-scale simulation can be applied to the environment, matching the need for physical events occurring in the geographic sub-regional level.

Using the described methods and tools allows us to investigate several zoom levels, keeping the precision high, in the order of 10 meters, on a very large surface of hundred square kilometers. The number of cells will exceed millions.

Joint simulation of multiple environmental processes allows producing knowledge of interactions between artificial or natural behaviors, even in complex contexts.

The underlying methodology uses regular grids of cells with local physical exchanges. The framework of Cellular Automata is convenient to represent a step by step evolution, extracting data from different sources, using geographic coordinates. This is illustrated in the case of flooding produced by heavy rains, and population density, producing information about risks coming from the climate evolution, and urban decisions. Besides, another case of the biological phenomenon, a Chl-a diffusion simulation in lakes or shores is also another illustration of this CA framework.

Refining Grid by Interpolation and Transition Rules

The CA model for water propagation is developed, including the entropy model for infiltration to improve the accuracy of the simulation. This is observed clearly in the case of 97 the Mont Aigoual. Besides, a model based on PDEs is proposed basically to simulate Chl-a diffusion in freshwater demonstrated in the case of Lake Torment.

Data for this study come from two sources which are population density statistics produced in different countries, with different precision and frequency, then the circulation of rain water on the ground. By running simulators representing past, current, and expected contexts, it becomes possible to detect positive and negative risk evolution. Simulations that embed topology or population density changes can help information, and decision making in many difficult situations. In case of a major urgency, running simulation allows predicting short term dangers.

Besides, the multi-scale model supports the integration of different cell sizes of systems into one system. Simulations of complex systems are to include specific properties and each property is more accurate at some scales. Therefore, these systems achieve high efficiency when using this model. Furthermore, the thesis contributes to an approach of the modeling process to create a data set that is necessary for the simulation by interpolation and assumption methods. The model is validated by experiments on some locations in Torment Lake with interested and efficient results.

Moreover, this work contributes to a method to detect critise points to help building an alert system in a particular case, based on analysis of its simulation results. This helps to reduce the costs of deployment and serious consequences.

Scalability and High Performance Development

Wide area and high precision necessitate high-performance computing. The utilization of distributed and shared memory supercomputers were investigated taking care of optimal use of computing resources.

According to the results of the experiments on the supercomputer Occigen located in CINES (Montpellier, France), the performance of the simulation systems increased significantly around the speed of 600 times. Furthermore, the CPU usage of the simulation system can be more efficient if the size and time scales are reasonably selected. This solves the issue of cost and system architecture capabilities.

Perspective

Different properties will be embedded into the CA model for water transfer to optimize the accuracy of different simulation systems. For that, it is necessary to install sensor networks on critical points after simulating detection and associated population density. It is expected that practical applications and investigation framework will be developed to access the information needs of the public.

The results from the modeling and simulation will suggest a new water monitoring system, dealing with HAB problems under the impact of climate and global warming for countries around the world. A sensor network could be built according to special points in the lake, then the monitoring data could be automatically sent to the server. This results in the changeable data being updated regularly into the simulation time steps. This method reduces the consequences caused by HAB with real-time response.

An alert system proposed in this work can be applied to various natural and artificial phenomena problems, such as fire, traffic congestion, and HABs detection.

An automatic method can be proposed to calculate data size and time complexity to decide the number of threads that the system needs to use to optimize computational resources and performance costs.

Technical Implementations 1 Distributed Programming a) Implementations and Compilers

There are some MPI libraries such as Open MPI, Intel MPI, MVAPICH, and IBM Spectrum MPI. These libraries implement on Linux clusters with different compilers as GNU, Intel, PGI, and Clang. Intel MPI based on MPICH architecture applies to this work with its advantages: operated better with collective infrastructures, removed non-scalable structures, and enhanced support for hybrid programming models. The MPI library may be used with any compiler that uses the same lengths of basic data objects and compatible runtime libraries. MPICC, MPIEXEC, and MPIF90 are used commonly for C and Fortran languages. A basic MPI program structure is shown in figure 1 with compiling and running ways illustrated in the following make file. 

b) Point to Point Communication

This method sends messages between two different MPI processes. One process performs a send message while the other performs a marching read. Every message will arrive intact without errors, and this requires both the initiator and the target of the message to explicitly participate in the communication of messages [START_REF] Grant | Chapter 6 -networks and mpi for cluster computing[END_REF]. However, deadlock can occur when the send and receive operations do not match. Deadlock means that neither the sending nor receiving process can proceed until the other completes its action, which will never happen when the send and receive operations do not match [162]. An example of this case is shown in figure 2, and the non-blocking mode is applied to solve this problem. Data and the message envelope are two parts of a message. The data part includes a sequence of successive items with the type indicated by the variable datatype, and the message envelope contains information about the sender, receiver, and communicator. The basic MPI data types in the C language are MPI_INT, MPI_FLOAT, MPI_DOUBLE, MPI_COMPLEX, MPI_CHAR. Besides, MPI allows defining data type to be flexible with purposes of application applied in experimental sections. This work utilizes blocking and non-blocking modes as most existing message-passing systems to describe parts of a message shown in table 1. 

Brief Overview of OpenMP Constructs and implementation

Open multi-processing (OpenMP) or Open specification for multi-Processing via collaborative work between interested parties from hardware and software industry, government, and academia, and is published first in 1997. While MPI has clear advantages of distributedmemory programming, OpenMP is known as a "directives-based", a platform for sharedmemory.

For the structure of the memory, the OpenMP API uses the fork-join model of parallel execution as in figure 3. All OpenMP threads have access to the memory where stores and retrieves variables, and each thread is allowed to have its own temporary view of the memory. Shared and private are two kinds of access to variables determined by a directive. Open MP directives for C/C++ are specified with #pragma directives, and the syntax of a directive as follows:

1 # pragma omp directive -name [ clause [ [ ,] clause ] ..

. ] new -line

There are lots of constructs in the OpenMP such as teams, taking, combined, loop, distribute loop, target data, cancellation, while the core is parallel regions and work-sharing constructs. Figure 4 represents a basic OpenMP program structure, which compiled and run by a below make file. 

Hybrid Program Structure

A basic structure of the hybrid program is mapped by MPI structure in section 1 and OpenMP structure in section 2. MPI defines four levels of thread safety.

MPI_THREAD_MULTIPLE allows Multi-threaded, and any thread makes MPI calls at any time with some restrictions to avoid races. Thus, this work utilizes this level of hybrid-program structure in simulation programs in chapter 4 and 3. The basic structure for the hybrid program is illustrated in figure 5, and is compiled and run as follows: OMP_NUM_THREADS=8 $(MP) -n 3 ./mpiExample //run a 3 process MPI job, and each processor run 8 threads all: make compile make run clean:

rm -f *.o rm mpiExample

Multi-core Architectures 4 Architecture

Firstly, the simulation system is tested on the small clusters consisting of 5 Linux PCs as 5 nodes with 100 Mbps speed of the network, Intel (R) Xeon (R) CPU E3-1245 v3@3.40GHz, 8 CPUs, 16GB Memory, 2 threads per core to improve the performance of the system. The simulation results show the efficiency of methods by integrating the parallel model and programming with increasing speedup and large-scale ability [START_REF] Truong | Multiscale geographic exploration, observation, simulation, and representation[END_REF]. However, there are still limits to performances caused by the unstable cluster system. The performance of the simulation gets a maximum of around 6x speedup, and the advantages of distributed and shared memory are impacted by the speed of networks because of resources shared by other programs on the system. Besides, the real-time system needs to care in case the size of the system, increasing larger, and the system requiring fast response as flash flood and storm simulations.

To improve the performance, the simulation system of all cases is performed on a supercomputer is called Occigen at Centre Informatique National de l'Enseignement Supérieur located in Montpellier, France with a maximum theoretical power of 3.5 Pflopss, and configuration shown in table 2. These experiments concentrate on the analysis of parallel computing on Occigen ignoring the descriptions in the cluster. Appendix d) explains one of the experiments to optimize the performance of the simulation system. Three cases with different size of cell systems are shown in table 5.3, and is explained in each corresponding section (5.2.1, 5.2.2, 5.2.3). Experiments are run on the same number of nodes, processors, cores, threads (appendix d)) and perform with general algorithms (appendix 5). Besides, the transition rule for propagation water and methods to get population are explained in section 4.1.2 and section 2.4.6 respectively. Simultaneous multithreading (SMT) defines an execution where a core has 2 computation contexts installed in hardware resources. The core can multiplex these contexts on arithmetic units and memory providing effective parallelism. SMT was presented by [START_REF] Tullsen | Simultaneous multithreading: maximizing on-chip parallelism[END_REF]. Besides, performances of the cases with different time steps are compared to get the accuracy of the system by using Intel Vtune 135 Profiler (IVP). IVP [START_REF]Intel, Intel vtune profiler[END_REF] is a tool analysis used to identify and analyze both serial and parallel programs for optimizing performances of the simulation system. Equation 1 calculates the relative performance of the sequential program and parallel programs to compare the execution time of cases. Where sqT ime and paT ime are the time measured from sequential and parallel method respectively. 

Implementation on Occigen 6 Overview

The Occigen supercomputer was ranked twenty-sixth in the world in the TOP 500 ranking of November 2014. The machine is operated at the Centre Informatique National de l'Enseignement Supérieur (CINES). Occigen is one of the two most powerful supercomputers in France. It includes 34 computing racks plus 7 racks for services and disk space. We have used the machine for 90000 hours through the environmental project of the LabSTICC laboratory with two accounts: bpottier.cines.fr and ttruong.cines.fr, and Bernard Pottier are the main responsible for the project (sti1275). There are 4 steps to load and run the simulation on Occigen.

Connect to machine

1 ssh -X ttruong@occigen . cines . fr Besides, the command observes the running jobs on an account as follows and shown result in figure 7. Table 7: The details of risk points for simulating with the Multi-scale system in 134 million steps consisting water quantity of each point and population of each point in years and ages.

Execution Time

13 The Mekong Delta 14 Karachi, Pakistan Les réseaux de capteurs, l'analyse des images satellites et l'observation au sol participent à ces tâches. La physique, les mathématiques, la biologie et les modèles chimiques sont impliqués dans les simulateurs qui suivent l'évolution, en cours ou à venir, de l'environnement. En outre, de nombreux phénomènes de nature différente se produisent simultanément, avec des géographies et des échelles de temps différentes. Cette thèse est une contribution aux méthodes de simulation traitant de la complexité du milieu en termes de taille des zones, de précision, de variété des paramètres, avec l'ambition de traiter des systèmes de très grande dimension.

Ces simulations décrivent l'environnement en utilisant des systèmes de cellules régulières ayant des coordonnées géographiques, cellules qui communiquent par des liens propageant des dépendances physiques. Deux cas de propagation sont développés avec la diffusion de la chlorophylle-a (Chl-a) dans les lacs ou sur les rivières, et les inondations soudaines et rapide apparaissant lors de tempêtes intenses. Des simulations sont utilisées pour caractériser les dangers possibles. Ceci est montré dans le cas d'une propagation rapide des inondations, en relation avec l'évolution de la densité de population et des bâtiments. Sensor systems, satellite image analysis, and ground observation participate in these tasks. Physics, mathematics, biology and chemical models are involved in simulators that track current or future evolution of the environment. Furthermore, many phenomena of different natures occur concurrently, with different geographies and time scales. This thesis is a contribution to simulation methods dealing with context complexity in terms of zone size, precision, variety of parameters, with the ambition to process very important systems.

These simulations describe the environment using systems of regular cells having geographic coordinates, and cells communicate by links, propagating physical dependencies. Two spreading cases are developed: diffusion of Chlorophyll-a (Chl-a) in lakes or shores, and fast-spreading flooding appearing during intensive storms. Simulations are used to characterize possible risks. This is demonstrated in the case of fast flood propagation, in relation with evolution of population density, and buildings. We propose an alert system synthesis adapted to complex terrains where flood can grow in short delays. High-performance computing is mandatory in the case of wide area with significant running time. Several simulations were implemented above the Message Passing Interface library, and performed on OCCIGEN, the supercomputer located at the National Computing Center for Higher Education (CINES), Montpellier.
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 11 Figure 1.1: The diagram shows a visual number of global deaths from natural disasters from data published in [6].

Figure 1 . 2 :

 12 Figure 1.2: Envisat satellite used three band combinations (7,5,2) presented in figure (a). Picture (b) shows the largest algae bloom in 2011 extended from Toledo to beyond Cleveland and along the Ontario shore.
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 13 Figure 1.3: This diagram reflects the number of natural disasters across the world in 2019 [3].
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 14 Figure 1.4: This statistic presents the number of victims of natural disasters around the world in 2019 [4].

A

  very simple CA called elementary CA was defined by Wolfram in the 1980s with onedimensional [87] which uses three neighborhood dependency illustrated in figure 2.1a. The neighborhood originally used in CA is a von Neumann neighborhood described by von Neumann in 2-dimensional with five neighbors consisting of its four adjacent cells and itself shown in figure 2.1b. A different type of neighborhood is named by Edward F. Moore called Moore neighborhood composed of eight cells to surround and itself presented in figure 2.1c.

  (a) Two way CA (b) Von-Neumann (c) Moore

Figure 2 . 1 :

 21 Figure 2.1: Types of the neighborhood for the CA model with the radius of 1. (a) is one dimensional CA with three neighbors, and (b) von-Neumann-neighborhood and (c) Moore-neighborhood are two dimensional CA while (b) is composed of a central cell and its four adjacent cells, and (c) constituted of a central cell and the eight cells surround it.

Figure 2 . 3 :

 23 Figure 2.3: The fine and coarse grids for multi-scale CA model in 14 zoom level at the location: longitude=6.91967, latitude=43.57072 in Mandelieu-la-Napoule where is a simulated region. (a) is a fine grid consisting of 1280 cells, and the cell size is 72mx72m. (b) is a coarse grid with 80 cells, and the cell size is 288mx288m.

Figure 2 . 4 :

 24 Figure 2.4: A multi-scale system using the CA model consists of 1280 cells. The size of a cell is 72mx72m in the cell system with the same location as figure 2.3.

. 5 .

 5 Object extraction for a given zone (a) CavaleBlanche (b) Quimper (c) Kharan

Figure 2 . 5 :

 25 Figure 2.5: (a) Entertainment center in Brest, France. (b) whole Quimper, France. (c) Kharan desert, Pakistan.

  is a query to the database, possibly with other attributes. A box qualifies a reference zone, a tile, or a tile fragment. As an example, box (-4.394531, 47.754560, -3.692093, 48.224673) defines the boundary of a city in France, where we select any object. SELECT FROM planet WHERE planet.geom AND ST_MakeEnvelope(box);

Figure 2 . 6 :

 26 Figure 2.6: The slippy mechanism, client side, as used by a plugin from WordPress. Map images are displayed as tiles drawn from a grid representing a zoom level. The web server looks up a local cache, and in case of faults requests a rendering service to compose new tiles based on OSM database contents (Grey path figure 6.1).

Figure 2 . 7 :

 27 Figure 2.7: The map of South of France is loaded from the sources with zoom level 10, longitude 6.203156, latitude: 43.765144 by the QuickMap framework.

Figure 2 . 8 :

 28 Figure 2.8: The figure shows a map overlapped by a cell grid. Each cell in the grid ranges according to parameter 25@25, and the corresponding actual cell size is presented in the figure top-right as a 3822 square meter.

Figure 2 . 9 :

 29 Figure 2.9: The PickCell tool represents the segmentation of each cell terrain type as color and other values. The system network then is implemented in this step, according to neighborhood choice on the bottom right. This utility has menus allowing the user to weave process together and produce high-level data signification CUDA and Occam.

Figure 2 .

 2 Figure 2.10: After, utilization of the Netgen representing tool, a system of cells is expressed by a list of processes as program structures. A network system is shown in the window right.

Figure 2 .

 2 Figure 2.11 displays the appearance of a rain map, as it could also appear in a file or database, to contribute to simulation, and possibly flooding risks.

Figure 2 . 11 :

 211 Figure 2.11: Cellular presentation of Rain Maps (source SAT24.com)

Figure 3 . 1 :

 31 Figure 3.1: The orange cell is the cell that we want to interpolate. Measurement sensors are located in the four violet cells with experiment data, and R cells are inter cells for interpolation.

  of assumptions is proposed to have less risk in this case. The main idea is to get values of the nearest cells in orders: left, top-left, top, top-right, right, bottom-right, bottom, bottom-left as equation 3.4. The position of cells is shown in figure 3.2.

4 )Figure 3 . 3 :

 433 Figure 3.3: Observations of maps after applying the two methods on the cell system: (a) is an interpolation method, and (b) is an assumption method.
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 34345 Figure 3.4: Sampling analysis processing

Figure 3 . 5 :

 35 Figure 3.5: The cell grid of Lake Torment is displayed by QuickMap and PickCell tool. (a) The QuickMap tool is used to load the map located in coordinates (longitude=104.350891, latitude=11.576907) at top-left with zoom level 15. (b) The map is organized into the cell grid with 4mx4m cell size.

Figure 3 . 6 :

 36 Figure 3.6: The estimated results of the simulation are compared to real values in time steps from 10:45 to 13:45. D values are tested from 0.00001 to 0.01. The estimated deviation between model and real system is shown in (a) at 12:45, D=0.01, and 37.8% error rate; (b) at 13:45, D=0.01 and 10.17% error rate; (c) at 12:45, D=0.001, 38.11% error rate; and (d) at 13:45, D=0.001, 10.44% error rate.

Figure 3 . 7 :

 37 Figure 3.7: Changes of Chl-a densities analyzed from three points of the lake in the three-time steps.

Figure

  Figure 4.1: GLDAS soil texture colors [127]: 1. Sand, 2. Loamy Sand, 3. Sandy Loam, 4. Silt Loam, 5. Silt, 6. Loam, 7. Sandy Clay Loam, 8. Silty Clay Loam, 9. Clay Loam, 10. Sandy Clay, 11. Silty Clay, 12. Clay, 13. Organic Materials, 14. Water, 15. Bedrock, 16. Other.

Figure 4 . 2 :

 42 Figure 4.2: Water flow and quantity are moved to neighborhoods (North, West, East, South) in the cell system based on the transition rule during a rain episode.

On

  September 19, a 3-hour heavy rain resulted in one meter high flooding in Valleraugue, a 5 meter increase in the water level of the Hérault river is shown in the figure 4.3.

Figure 4 . 3 :

 43 Figure 4.3: Gard was affected by severe flooding, especially in Valleraugue on September 19, 2020 [144].

Figure 4 . 4 :

 44 Figure 4.4: Rainfall is collected from a weather station at Mont Aigoual

Figure 4 . 5 :

 45 Figure 4.5: The simulation is performed for 36 hours from 4:00 September 19, 2020 to 15:00 September 20, 2020. Results are collected at 17:00 at the place where the highest water volume was reached during the simulation (a). The blue areas show water volumes greater than 100mm at its location shown in the left map. Notable locations showing cumulative yellow points greater than 1000mm are shown on the right map (b).

Figure 4 . 6 :

 46 Figure 4.6: The chart shows rainfall and the estimated water level step by step in 36 hours from 4:00 September 19, 2020 at 15:00 on September 20, 2020. This realizes that risks could occur over a few hours from 13:00 to 19:00.

Figure 4 . 7 :

 47 Figure 4.7: The chart shows the ideal effective CPU utilization of 72 threads (a) and 288 threads (b).

Figure 4 . 8 :

 48 Figure 4.8: Left: The result of the simulation is performed in section 4.2.2, and the yellow points represent nodes in the network that accumulate high water quantities higher than 1000mm. Right: the red points represent confluence nodes in the network with a radius of 2 shown in figure 4.9.

Figure 4 . 9 :

 49 Figure 4.9: The water propagation is illustrated with radius of 1(a), 2(c), 3(b) for determining confluence points by comparing water quantity Q[i] and 12 neighbors in (c) to find out a point where accumulate maximum water.

Figure 5 . 1 :

 51 Figure 5.1: (a), (b), and (c) show maps in Karachi, the South of France, and MD respectively.

Figure 5 . 2 :

 52 Figure 5.2: (a), (b), (c), (d) show the population density in 2000, 2005, 2015, 2020 respectively in Karachi.
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 55354 Figure 5.3: (a), (b), (c) and (d) show the population density in 2000, 2005, 2015, 2020 respectively in Nice-Antibes.

Figure 5 . 5 :

 55 Figure 5.5: Integrating the cell system of water density during the heavy rainfall in small cells with a size of 48mx48m (a) and the estimation of population cell system in larger cells with a size of 4800mx4800m (b) in the Multi-scale cell system (c).

Figures 5 . 6 , 5 .

 565 Figures 5.6, 5.10 and 5.12 show results of Multi-scale simulations consisting of rainfall during 32 hours and the population density in 2000, 2005, 2015 and 2020.

Figure 5 . 6 :

 56 Figure 5.6: Evolution of the flood risk in Nice-Antibes coast. (a) presents the full grid of water propagation. The risk dot color denotes a water level greater than 1000mm and a population greater than 100 people per square kilometer. Meanings of blue, yellow, red, orange points are given in sections 5.1.2, 5.1.2 and following. (b) represents the initial risk points for the year 2000, while (c), (d), and (e) show the population density evolution between 2000 and 2005, 2005 and 2015, 2015 and 2020 respectively.

Figure 5 . 7 :

 57 Figure 5.7: The diagram shows the population count over the years and the water quantity of risk points in Nice-Antibes during 32 hours of rain. The risk points denote a water level greater than 1000mm and a population greater than 100 people per square kilometer. The population at risk locations increases mostly in the last years, especially point 9 (Latitude=43.749273, Longitude=7.445297, increasing 2216 people) and 39 (Latitude=43.575417, Longitude=6.940613, increasing 1207 people).

Figure 5 . 8 :

 58 Figure 5.8: The diagram shows the population count in three age groups and the water quantity of risk points in Nice-Antibes during 32 hours of rain. The risk points are selected as diagram 5.7The picture illustrates the proportion of young and old people from 20%-30%, and these groups of ages will be more dangerous than another group.

Figure 5 . 9 :

 59 Figure 5.9: The total population being impacted by flooding from 2000 to 2020 in Nice-Antibes.

Figure 5 .

 5 Figure 5.12 presents estimated risks for the population close to Karachi, Pakistan. Each cell equals 5.20 square kilometers. The model simulates one thousand cells and million steps for spreading water. The population density increases in all of the risk points from 269 to 536 people over the years shown in diagram 11 in appendix 11 , while the percentage of people aged 0-14 and greater than 65 represents 33%-38% illustrated in diagram 12 in appendix 11. The city takes more risks when flooding occurs in this case. Total of risk points is 269 in 2000, 271 in 2005, 275 in 2015, 536 in 2020, where the rate of increasing points is 100 % over the years presented in table 9 (appendix 14). The risks remarkably increase from 2015 to 2020, from 275 points to 536 points on the east of Karachi. These places illustrate a rapid increase in population leading to more risks in the future and should be focused to mitigate its consequences.Impacts of flooding during 32 hours of heavy rain on people living in Karachi are presented in figure5.11. Following the separated groups in the section, the total population is influenced by flooding with the first group roughly 1.5 million in 2000 and 2.3 million in 2020. The increase of nearly 150 thousand people from 2000 to 2020 is affected by the

  Figure 5.12 presents estimated risks for the population close to Karachi, Pakistan. Each cell equals 5.20 square kilometers. The model simulates one thousand cells and million steps for spreading water. The population density increases in all of the risk points from 269 to 536 people over the years shown in diagram 11 in appendix 11 , while the percentage of people aged 0-14 and greater than 65 represents 33%-38% illustrated in diagram 12 in appendix 11. The city takes more risks when flooding occurs in this case. Total of risk points is 269 in 2000, 271 in 2005, 275 in 2015, 536 in 2020, where the rate of increasing points is 100 % over the years presented in table 9 (appendix 14). The risks remarkably increase from 2015 to 2020, from 275 points to 536 points on the east of Karachi. These places illustrate a rapid increase in population leading to more risks in the future and should be focused to mitigate its consequences.Impacts of flooding during 32 hours of heavy rain on people living in Karachi are presented in figure5.11. Following the separated groups in the section, the total population is influenced by flooding with the first group roughly 1.5 million in 2000 and 2.3 million in 2020. The increase of nearly 150 thousand people from 2000 to 2020 is affected by the

Figure 5 . 10 :

 510 Figure 5.10: The estimated risks for the Mekong Delta is presented with similar meaning as South of France. Risks are bound to water level greater than 1000mm and population greater than 200 people per square kilometer.

Figure 5 . 11 :

 511 Figure 5.11: The total population as impacted by flooding from 2000 to 2020 in the MD.

Figure 5 . 12 :

 512 Figure 5.12: The figure shows places impacted by flooding after 32 hours over the years in the system of Karachi. Risk points are defined as in the case of the MD with a population density greater than 200 and a water quantity greater than 1000mm.

Figure 5 . 13 :

 513 Figure 5.13: The total population as impacted by flooding from 2000 to 2020 in Karachi, Pakistan.

Figure 6 . 1 :

 61 Figure 6.1: Flowchart of the organization of a simulation. Production of OSM data is done by cooperative contributions and stored in files (yellow). These files are fetched and stored in geographic databases, possibly completed by additional information, such as simulation diagnostics (gray). Then, standard tiles are extracted and displayed. The flow reconstructs cells from these tiles and adds information, such as population density, elevation, and rain prediction. Finally, the cell system translates into a parallel program, according to execution targets (orange).

Figure 6 . 4 :

 64 Figure 6.4: Hybrid of Multi-threads and Multi-cores with shared and distributed architecture. Each node performs its tasks: update states of cells received from the master node, and send the updated states of cells on boundaries to previous and next nodes.

Figure 6 . 5 :

 65 Figure 6.5: A shared-memory system, A UMA multicore system.

Figure 6 . 6 :

 66 Figure 6.6: The data partition of the simulation system is mapped on sharememory architecture.

Figure 6 . 7 :

 67 Figure 6.7: The simulation system for the Mandelieu case with 672 million steps is tested on Occigen. Effective CPU utilization is analyzed by IVP. The computation is distributed on 12 nodes with 576 total number of threads (48 threads per node).The blue column deviates to red, green parts, and a little on the yellow part (accounting for 46.1% parallelism). This is a bad solution because of the high waiting time in the case.

Figure 6 . 8 :

 68 Figure 6.8: The diagrams show the same scenario as figure 8 (appendix d)) with different distributions. In diagram (a), the computation is distributed on 48 nodes with 2304 total number of threads (48 threads per node). The case is an average solution with the blue column deviating to red and green parts (occupying for 65.3% parallelism). The resources are wasted in this case, but the solution can be accepted in cases in which execution time is the first perspective. On the other hand, the distribution of computation to 24 nodes with 1152 total number of threads (48 threads per node) shown in diagram (b) is a good solution for the scenario. The sources are almost fully utilized in this case with the blue column moving to green parts (95.6% parallelism).
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 1 Figure 1: The basic structure of the MPI program is on the left with the example on the right.

Figure 2 :

 2 Figure 2: Process 0 is waiting for a message (buff b) that will never arrive from Process 1, and vice versa.

Figure 3 :Figure 4 :

 34 Figure 3: The OpenMP fork-join programming model used for thread-level parallelism.

Figure 5 :

 5 Figure 5: Hybrid structure based on the MPI framework and OpenMP API is pseudo-coded in C language.

2 2 . 3 . 1 vi

 231 Load all necessary modules 1 module load intelmpi /2019.4.243 2 Create a slurm file for environment settings with structure as in figure 6. MPIProgram . slurm

141 Figure 6 :

 1416 Figure 6: The configuration file for running the simulation on OCCIGEN .

Figure 7 :

 7 Figure 7: Job list of an account on OCCIGEN.

Figure 8 :

 8 Figure 8: The effective CPU utilization for the simulation system by Profiler Vtune in Mandelieu 2 days.

Figure 9 :

 9 Figure 9: The diagram shows the population count over the years and water quantity of risk points in the MD during 32 hours of rain.

Figure 10 :

 10 Figure 10: The diagram shows the population count in three age groups and the water quantity of risk points in the MD during 32 hours of rain.

Figure 11 :

 11 Figure 11: The diagram shows the population count over the years and the water quantity of risk points in Karachi during 32 hours of rain.

  Nous proposons une mise en place d'un système d'alerte adapté aux terrains complexes où les inondations peuvent se développer dans de brefs délais. Le calcul haute performance est obligatoire dans le cas d'une zone étendue avec un volume important de calcul. Plusieurs simulations ont été réalisées avec la bibliothèque Message Passing Interface sur le supercalculateur OCCIGEN situé au Centre Informatique National de l'Enseignement Supérieur (CINES), à Montpellier. Title: Modeling and simulation for the surveillance of water systems, application of cellular automata to environment monitoring and control Keywords: Large Scale; Flood Modeling; Data Resolution; Cellular Automata; Multi-Scale; Climate Change. Abstract: International Organizations such as UN are currently warning about human life risk increase due to climate changes. Risk and consequences doubled in 20 years, being especially sharp for floods. Monitoring, understanding evolution, and counteracting dangerous natural phenomena are necessary to mitigate disasters.

  

  

  

Table 2 .

 2 1: Samples of counting objects in different terrains.

	, hf, wf, hc, wc, rx, ry
	Output: P *	
		// P * is a buffer of the multi-cell system
	Function interMultiSystem(F ):
	pos = 0		// position in cCells
	count = wf * hf	// Number of cells in the multi-cell system
	for y < height; y = y + resolution do
	for x < width; x = x + resolution do
	if pos+1 % wc = 0 and pos+1 % hc = 0 then
		// Passing the last line and column
	x1 = cCells[pos] // Values of cCells at the top-left
	x2 = cCells[pos + 1]	// Values of cCells at the
	top-right
	y1 = cCells[pos + wc]	// Values of cCells at the
	bottom-left
	y2 = cCells[pos + wc + 1]	// Values of cCells at the
	bottom-right
	end	
	for l < ry; l + + do
	for c < rx; c + + do
	vt=y*wf+x+l*wf+c;	// Position of the cell in
	the multi-system need to get information from
	the two systems
	P[vt].value1=fCells[vt].value // Get information from
	a fine system
	P[vt].value2=avg(x1,x2,y1,y2)	// Get information
	from a coarse system
	end	
	end	
	pos = pos + 1	
	end	
	end	
	return P * ;	
	End Function	

* 

Table 4 .

 4 1: CPU percentages are used and execution times on Occigen to perform the simulation in three scenarios. almost all CPUs run simultaneously.Chart 4.7b displays 52.4% of 288 threads used to run the simulation. Besides, the execution time is around 25 seconds. Thus, this case is the best execution time of the scenarios.

	Number of	CPU	Execution
	Threads	Utilization	Time
	72	40.3	71.3s
	114	80.1	50.2s
	288	52.4	25.4s

Table 4 . 2

 42 

	2 )

: Flood depth and population density for the groups

Table 5 .

 5 1: The current population density of countries (per km 2 ) based on the Worldometer elaboration of the latest United Nations data[START_REF] Dadax | [END_REF].

	Country Population Population Density
	France	65,296,176	119
	Pakistan	221,530,617	287
	Vietnam	97,473,280	314

Table 5 .

 5 2: The population cell system for the three cases takes several hours "long download" to obtain the data

Case studies Longitude Latitude Number of Population Cells Zoom level Resolution of popu- lation cell

  

	Nice-Antibes	6.8989849	43.5707216	400	12	4800mx4800m
	Mekong Delta	104.3508911 11.5769068	2599	11	7600mx7600m
	Karachi, Pakistan	66.8614	25.3564	1156	10	2280mx2280m

Table 5 .

 5 3: The boundary and size of cell system for case studies

	Case studies	Longitude	Latitude	Zoom	Resolution of	Resolution of cell
				level	area	
	Nice-Antibes	6.8989849	43.5707216	12	2048x2048	48mx48m
	Mekong Delta	104.3508911	11.5769068	11	5120x5120	76mx76m
	Karachi, Pakistan	66.8614	25.3564	10	512x512	152mx152m

  affected by flooding with water level groups described in table 4.2 in the above chapter. The first group impacts on around 72 thousand people in 2000, and 81 thousand people in 2020. Damages are caused by the second group, affecting approximately 47 thousand people in 2000, and 54 thousand people in 2020. Two last groups show disasters of human life, and the total of impacted people is from 134 thousand in 2000 to 140 thousand in 2020. Following the above observations, increases of risk every year are caused by flooding in particular and climate change in general, with the population growth in this area.

Table 1 :

 1 MPI point-to-point communication with block and non-blocking with comparisons syntax and features.

	Blocking	Non-blocking
	MPI_Send(buffer, count, type, dest,	MPI_Isend(buffer, count, type, dest,
	tag, comm)	tag, comm, request)
	MPI_Recv(buffer, count, type, source,	MPI_Irecv(buffer, count, type, source,
	tag, comm, status)	tag, comm, request)
	Safe (Only returns after completed)	Unsafe (Returns immediately, modify
		buffers until operation is known to be
		complete)
	Be aware of deadlocks	Allows computation and communica-
		tion to overlap

Table 2 :

 2 An architecture of the Supercomputer.

	Name	Haswell		Broadwell	
	Model name	Intel (R) Xeon CPU E5-	Intel (R) Xeon CPU E5-
		2690 V3@2.60GHz		2690 V3@2.60GHz	
	Number of nodes	2106		1260	
	Processors per node	2		2	
	Cores per processor	12		14	
	Threads per core	2		2	
	Memory per node	1053 x 128GB		64GB	
	Type of Memory	DDR4-2133P-R		DDR4-2400T-R	
	Network	Infiniband	FDR	Infiniband	FDR
		56Gbit/s		56Gbit/s	
	Total number of cores 50544		35280	

  ,n,position) // // all cells in each thread is updated by the transition rule (algorithm 5)

	Algorithm 8: A hybrid algorithm for distributed and shared memory.
	Input: F * , P * , C *
	Algorithm 7: A distributed algorithm is performed by MPI on Supercom-// buffers of a cell state system, parameters, channels
	Algorithm 5: A pseudo-code algorithm for flooding transition rule of CA model. Input: Function TransitionRule(F ): for i<MaxTours do [MaxNeighbors] buffIn, buffOut; // Incoming and outgoing water inf V alue=parameters[i].inf; // water infiltration percentage after entropy step rf =parameters[i].rainfall; // rainfall for this tour density=density-inf V alue*density; // Water quantity density=density+rf ; do parallel algorithm 1 // after this parallel works, there are two values of water coming and outgoing density+=waterOutEachChannel; density-=waterInEachChannel; end End Function Algorithm 6: A pseudo-code algorithm for a shared-memory system is per-respectively puter. Input: F * , P * , C * Output: S * formed in the OpenMP. // buffers of a cell state system, parameters, channels // a buffer of the updated cell state system Input: CS * , P * , C * respectively Function funcHybrid(F ): // buffers of state of cells, parameters, channels respectively Output: U S * // buffers of updated state of cells Function funcUpdateSharedMemory(F ): #pragma omp parallel shared(a list of shared-variants) private (a list of private-variants) { countTh=omp_get_num_threads() if node = master then for i<countOfNode do sendState(F send a parameter part to rank i end Output: S end Waitall(); // A number of threads is Waitall(); for i<countOfNode do used in the program Threadi=omp_get_thread_num() for i<countOfNode do receiveU pdatedState(receiveData, count,data type, node i, tag, // The index of the current receiveU pdatedState(receiveData, count,data type, comm) // receive an updated data from rank i thread n=calNumberOfCells(Threadi); node i,tag,comm) end // A function calculates data end Synchronization(); // Synchronize data updated parts part which the current thread have to perform on position=T hreadi * n Synchronization(); else // Determination the location in buffer else receiveState(receiveData, count,data type, master, tag, comm) for the current thread receiveState(receiveData, count,data type, master,tag,comm) // receive data from master U pdateState(CS } return U S * ; End Function receiveP arameter(P * , count,data type, master, tag, comm) // receive a parameter part from master S * = f uncU pdateSharedM emory (receiveData,P * ,C * ) // a function updates data in algorithm 6 sendU pdatedState(S * , count, data type, master, tag, comm) // send an updated data to master receiveP ara(P End Function end
	return S * ;
	End Function

* ,U S * ,C * ,P * * // a buffer of the updated cell state system Function funcDistributedMemory(F ): Initializing local variables if node = master then for i<countOfNode do sendState(F * , count, data type, node i,tag,comm) sendP ara(P * ,count,data type, node i,tag,comm) * , count,data type, master,tag,comm) U pdateState(receiveData,S * ,C * ,P * ) // all cells in each node is updated by the transition rule (algorithm 5) sendU pdatedState(S * , count, data type, master,tag,comm) end return S * ; * , count, data type, node i, tag, comm) // send a data part to rank i sendP ara(P * , count, data type, node i, tag, comm) //

Table 3 :

 3 Execution time (seconds) of the simulation system from 1 to 192 nodes in Mandelieu with 192 million steps. Each node is tested in different numbers of threads from 1 to 192. This shows that the efficiency of simulation increases significantly from 1 to 48 threads (the maximum number of threads per node on Occigen), and lightly (even decreases) from 49 to 192 threads (over the maximum number of threads per node on Occigen).

	Number	1	3	5	12	24	48	96	192
	Of	nodes	nodes	nodes	nodes	nodes	nodes	nodes	nodes
	Threads								
	per								
	node								
	1	3939.3	1329.4	802.6 347.1 186.3 110.8 79.4	79.5
	3	1327.2	456.4	282.1 131.0 79.2	57.3	53.8	65.3
	6	672.8	239.3	151.6 76.1	54.6	43.9	46.4	57.1
	12	346.1	130.2	85.6	49.9	40.2	37.7	34.5	62.9
	24	185.3	75.9	54.1	36.5	32.6	25.1	33.2	57.1
	48	135.1	55.9	42.1	29.5	22.4	21.5	35.1	65.2
	96	115.0	51.1	38.4	21.7	17.0	23.1	47.5	56.6
	192	114.6	46.0	31.5	18.4	16.4	24.5	48.6	46.7

Flooding Risk on Population 8 The South of France

  

Table 4 :

 4 The total population is impacted by increasing water quantity with different groups in the South of France from 2000 to 2020.

	Water level (mm)	2000 2005 2015 2020
	1200	72999 74824 78915 81203
	1500	46747 48322 51744 53602
	2000	92909 94310 97422 99141
	>2000	40980 40959 40955 40973
	9 The MD, Vietnam

Table 5 :

 5 The total population is impacted by increasing water quantity with different groups in the MD from 2000 to 2020.

	Water level (mm) 2000	2005	2015	2020
	1200	5162298 5642009 6998178 7980318
	1500	1289016 1390900 1655054 1826630
	2000	930207	997394	1163826 1267706
	>2000	1643001 1883424 2517601 2935677
		145		

Table 6 :

 6 The total population is impacted by increasing water quantity with different groups in Karachi from 2000 to 2020.

	Water level (mm) 2000	2005	2015	2020
	1200	1459254 1638889 2067246 2321735
	1500	238739	268129	338223	379861
	2000	316824	355824	448840	504092
	>2000	1271614 1428146 1801412 2023171
	10 Karachi, Pakistan			
	11 Risk Point Diagrams			

Table 8 :

 8 The details of risk points for simulating with the Multi-scale system in 32 steps consisting of water quantity of each point and population of each point in years and ages in the MD.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	104.843903 11.693928	1	1083	129	165	299	430	69	141	8
	104.861069 11.695273	2	1012	405	465	628	743	154	364	20
	104.960632 11.689894	3	1306	195	207	233	248	69	138	13
	104.794464 11.624663	4	1067	217	310	663	995	126	309	15

Table 8 :

 8 The details of risk points for simulating with the Multi-scale system in 32 steps consisting of water quantity of each point and population of each point in years and ages in the MD.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	104.865189 11.628026	5	1109	3980	4193	4888	5444	925	3390	170
	104.927673 11.628026	6	1000	350	353	361	366	92	248	16
	104.647522 11.556053	7	1398	117	134	176	203	48	99	7
	104.669495 11.560762	8	1351	166	198	283	339	75	153	9
	104.786224 11.560762	9	1063	208	272	470	621	90	256	11
	104.81987	11.560089	10	978	416	641	1629	2679	225	759	27
	104.877548 11.552689	11	1022	3086	3570	5286	6797	872	3247	148
	104.93866	11.560762	12	1495	770	827	1026	1176	221	657	33
	104.996338 11.560762	13	1152	272	291	335	361	93	202	17
	105.101395 11.560762	14	1174	186	196	218	230	65	131	10
	106.795349 11.560762	15	2612	165	190	254	294	64	147	8
	106.884613 11.551344	16	1048	180	208	278	321	70	161	9
	104.513626 11.42686	17	1097	249	268	311	336	88	189	12
	104.581604 11.42686	18	1933	160	186	254	297	64	144	9
	104.694901 11.462528	19	1000	164	186	238	270	65	134	10
	104.784851 11.484062	20	1019	147	173	243	289	62	132	11
	104.799271 11.475987	21	1470	203	244	356	432	88	192	13
	104.873428 11.493482	22	1340	264	319	468	568	105	266	15
	104.965439 11.493482	23	1035	654	759	1036	1223	217	633	34
	105.03273	11.490118	24	1787	249	290	409	496	98	230	16
	105.108948 11.493482	25	1104	219	230	257	272	74	157	12
	104.773178 11.424841	26	1182	122	139	181	207	51	100	8
	104.812317 11.421476	27	962	162	185	242	276	64	136	12
	104.909134 11.426187	28	1011	121	139	182	209	50	100	8
	104.968872 11.426187	29	2679	154	173	220	248	61	126	8
	105.017624 11.426187	30	1107	174	194	242	271	66	140	11
	104.694901 11.358875	31	1156	158	173	206	225	62	118	9
	105.010071 11.357529	32	1016	227	237	258	270	71	162	15
	106.618195 11.337332	33	1042	80	116	239	343	29	131	6
	106.704025 11.358875	34	2334	48	69	141	201	18	77	3
	104.664688 11.230266	35	1031	170	178	196	205	66	112	9
	104.786224 11.256531	36	1001	166	177	200	214	69	109	10
	104.787598 11.247776	37	1165	190	204	236	254	77	132	11
	105.270996 11.291548	38	1106	244	238	228	223	76	145	11
	106.092224 11.247776	39	1949	553	581	641	673	143	433	35
	106.508331 11.247776	40	1009	60	86	178	256	22	98	4
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 8 The details of risk points for simulating with the Multi-scale system in 32 steps consisting of water quantity of each point and population of each point in years and ages in the MD.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	106.637421 11.260572	41	1044	80	116	239	344	29	131	6
	106.704025 11.291548	42	2154	68	97	201	289	25	110	5
	106.886673 11.291548	43	1957	54	78	161	231	20	88	4
	104.659195 11.224204	44	1111	163	173	195	207	71	104	8
	104.827423 11.207366	45	1005	183	196	226	242	75	124	11
	106.170502 11.162908	46	1020	230	242	266	280	59	180	15
	106.342163 11.158193	47	1016	191	200	221	232	49	149	12
	106.511765 11.224204	48	1174	74	107	221	318	27	121	5
	106.612701 11.224204	49	1471	80	116	239	344	29	131	6
	106.641541 11.158193	50	1044	80	115	239	343	29	131	6
	106.886673 11.224204	51	2181	82	117	241	347	30	133	6
	104.678421 11.091492	52	2167	179	188	207	217	76	111	9
	105.019684 11.156845	53	1106	213	225	251	265	71	152	15
	106.247406 11.119117	54	1011	224	235	259	272	58	175	14
	106.366196 11.10699	55	1005	211	221	244	256	54	165	13
	106.430054 11.156845	56	2556	192	202	224	236	50	151	12
	106.612701 11.156845	57	2476	80	116	239	344	29	131	6
	106.699905 11.094861	58	1247	81	116	240	345	30	132	6
	106.795349 11.145393	59	1006	82	118	243	350	30	134	6
	106.86264	11.132592	60	1091	82	118	243	350	30	134	6
	106.977997 11.156845	61	2107	67	91	172	239	24	96	5
	105.790787 11.089471	62	1714	293	292	291	291	82	197	12
	106.247406 11.089471	63	1880	192	202	223	234	50	150	12
	106.298218 11.068581	64	1178	196	206	227	238	50	153	12
	106.430054 11.089471	65	1050	201	216	251	271	52	167	13
	106.612701 11.089471	66	2395	286	405	821	1171	102	454	20
	106.707458 11.084754	67	1055	282	406	839	1206	103	461	20
	106.710205 11.082058	68	1102	82	118	244	350	30	134	6
	106.795349 11.089471	69	1853	68	94	182	255	24	101	5
	106.847534 11.068581	70	1122	78	112	230	331	29	127	5
	107.060394 11.088797	71	1859	244	273	341	381	75	216	15
	107.152405 11.088797	72	1107	194	216	270	302	59	171	12
	107.251968 11.089471	73	2288	161	179	224	250	49	142	10
	104.786224 11.02208	74	1072	203	209	223	230	70	136	10
	106.393661 10.978943	75	1003	233	262	335	382	62	218	16
	106.435547 10.978943	76	1582	269	320	456	544	73	290	18
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	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	106.521378 11.009949	77	1030	269	320	456	544	73	290
	106.593475 11.02208	78	1008	366	480	845	1136	116	493
	106.778183 11.015341	79	1104	455	638	1272	1806	163	705
	106.77887	11.02208	80	1384	865	968	1211	1355	265	765
	106.870193 11.021406	81	981	1017	1137	1423	1591	311	899
	106.963577 11.021406	82	1126	188	210	262	292	57	166
	106.984863 11.013993	83	1116	251	281	351	392	77	222
	107.10022	10.99849	84	1057	285	318	397	444	87	251
	107.251968 11.02208	85	1435	251	281	351	392	77	222
	105.100708 10.928382	86	1011	335	343	360	368	86	245
	105.15152	10.954675	87	1064	218	222	230	233	57	156
	106.33873	10.889277	88	1157	188	197	217	228	49	144
	106.366882 10.889277	89	1139	216	226	249	261	56	165
	106.460266 10.889277	90	1027	233	257	316	352	62	206
	106.521378 10.954675	91	2356	617	734	1039	1237	169	662
	106.613388 10.949282	92	1011	752	897	1276	1522	206	812
	106.704025 10.945911	93	1009	1433	1851	3169	4201	445	1867
	106.736298 10.952652	94	1045	1380	1898	3657	5115	473	2058
	106.785049 10.954675	95	1163	1325	1631	2585	3330	429	1524
	106.848221 10.949282	96	1460	1272	1421	1775	1984	389	1123
	106.982117 10.919618	97	1119	275	307	384	429	84	243
	106.986237 10.922315	98	1157	288	321	401	449	88	254
	107.059021 10.954001	99	2366	271	303	378	422	83	239
	107.187424 10.95063	100	1006	228	255	318	355	70	201
	107.20665	10.895345	101	977	245	274	342	382	75	216
	105.069122 10.887254	102	1158	359	367	385	394	91	262
	105.183105 10.887254	103	1838	399	408	428	438	102	292
	105.242844 10.887254	104	1832	339	349	371	383	87	251
	105.279236 10.857584	105	1017	257	265	282	291	67	191
	106.378555 10.827911	106	983	208	218	239	251	54	159
	106.487045 10.87107	107	1169	216	226	249	261	56	165
	106.521378 10.887254	108	2293	792	944	1340	1597	217	853
	106.704025 10.887254	109	2419	5234	6262	8981	10769 1439	5699	359
	106.713638 10.865676	110	1092	3256	3921	5717	6928	904	3601	224
	106.843414 10.887254	111	1286	983	1207	1848	2307	282	1140
	106.886673 10.887254	112	2199	224	254	326	369	67	206
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	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	106.924438 10.887254	113	1182	210	235	293	327	64	185	13
	107.017136 10.885231	114	1520	236	264	330	368	72	209	14
	107.121506 10.886579	115	1000	184	206	257	287	56	163	11
	105.129547 10.811724	116	1072	312	319	335	343	80	228	19
	105.1577	10.819818	117	1199	428	438	459	470	109	313	27
	105.199585 10.819818	118	1535	317	324	341	349	81	232	20
	105.301895 10.819818	119	2149	316	325	345	356	81	234	20
	105.338974 10.798909	120	1038	243	250	266	275	62	180	16
	106.368256 10.819818	121	1410	205	214	236	247	53	157	15
	106.471252 10.819818	122	1022	291	322	401	450	78	261	20
	106.521378 10.819818	123	1981	672	802	1141	1361	184	726	46
	106.704025 10.819818	124	2130	10888 12988 18480 22044 2972 11770	751
	106.734924 10.819143	125	1414	1816	2166	3082	3676	497	1962	125
	106.840668 10.819818	126	1573	525	623	879	1044	145	559	35
	106.875687 10.819818	127	1198	240	276	363	417	71	230	15
	106.916199 10.799584	128	1605	201	225	281	314	62	178	12
	107.032242 10.804305	129	1056	207	231	289	323	63	183	12
	105.12886	10.752366	130	1213	356	364	381	390	91	260	22
	105.13504	10.752366	131	1428	335	343	359	368	85	245	21
	105.251083 10.752366	132	1104	334	342	359	367	85	245	21
	105.285416 10.739549	133	987	334	343	362	372	85	246	21
	106.423874 10.752366	134	1020	219	230	252	265	57	168	16
	106.521378 10.752366	135	1980	790	939	1328	1580	216	846	54
	106.612701 10.730778	136	1005	4199	5009	7127	8501	1149	4538	288
	106.707458 10.742922	137	1118	2415	2881	4099	4890	661	2610	166
	106.769257 10.752366	138	1475	1041	1241	1766	2106	285	1124	71
	106.795349 10.752366	139	1394	170	189	237	264	52	150	10
	106.923065 10.752366	140	1006	177	197	247	276	54	156	11
	107.034302 10.752366	141	1021	207	231	289	323	63	183	12
	107.138672 10.752366	142	2462	136	153	191	214	43	119	8
	107.258835 10.726056	143	1167	129	145	181	202	41	113	8
	105.060196 10.621467	144	1026	233	239	251	257	60	171	14
	105.15152	10.6849	145	1836	251	257	269	276	64	184	16
	105.205765 10.6849	146	1085	320	327	343	351	81	234	20
	105.273743 10.6849	147	1145	327	335	351	360	83	240	20
	105.377426 10.6849	148	1472	187	193	205	212	48	139	12
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	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	106.499405 10.675453	149	1116	214	225	247	259	56	15
	106.521378 10.6849	150	1194	302	331	400	443	80	21
	106.638794 10.659933	151	1579	458	520	680	781	123	32
	106.698532 10.673429	152	1008	407	463	604	693	110	28
	106.76651	10.6849	153	1157	272	321	448	531	74	19
	106.967697 10.6849	154	1169	162	181	226	252	49	10
	106.986237 10.684225	155	1145	161	180	225	252	50	10
	107.072754 10.668705	156	1111	180	201	252	281	56	11
	107.140732 10.670055	157	1166	144	161	202	226	46	9
	107.216263 10.656559	158	1184	130	145	182	203	41	8
	105.062256 10.617418	159	1001	249	254	267	273	63	15
	105.179672 10.614718	160	1008	248	254	266	272	63	15
	105.211258 10.617418	161	1265	259	265	278	285	66	16
	105.294342 10.616068	162	1157	291	298	312	320	74	18
	105.402145 10.617418	163	1453	272	279	294	302	69	17
	105.425491 10.617418	164	2072	193	199	212	219	50	12
	105.542221 10.614044	165	1010	210	217	231	238	54	14
	105.544281 10.614718	166	1009	205	211	224	232	53	13
	106.423874 10.617418	167	1121	365	383	422	442	95	26
	106.436234 10.616743	168	1090	272	285	314	329	71	19
	106.521378 10.617418	169	1795	326	341	375	394	85	23
	106.67038	10.617418	170	1182	338	355	390	409	88	24
	106.767197 10.617418	171	1187	240	278	375	438	65	16
	107.068634 10.617418	172	1061	154	172	216	241	49	9
	107.137985 10.617418	173	1007	152	170	213	238	48	9
	107.256088 10.570172	174	1071	145	163	204	228	46	9
	107.30896	10.604595	175	986	132	147	184	206	42	8
	105.062256 10.530345	176	1341	215	220	231	236	55	13
	105.15152	10.549922	177	2610	248	254	266	272	63	15
	105.295715 10.549922	178	993	224	230	241	246	57	14
	105.344467 10.549922	179	1108	430	440	461	472	110	27
	105.425491 10.549922	180	1121	423	433	454	465	108	26
	105.496902 10.549922	181	1014	338	346	363	372	86	21
	105.543594 10.531695	182	1152	400	412	438	452	102	26
	105.969315 10.531695	183	1017	229	234	246	252	56	17
	106.02356	10.504691	184	1025	214	219	231	237	53	15
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	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	106.353149 10.504691	185	1008	316	325	343	353	78	23
	106.375809 10.549922	186	1153	639	670	735	771	167	46
	106.492538 10.549922	187	1130	299	313	345	362	78	21
	106.506271 10.549922	188	1078	234	246	270	283	61	17
	106.602402 10.517518	189	1062	360	377	415	435	94	26
	106.648407 10.549922	190	971	339	355	391	410	89	24
	107.054214 10.549922	191	1228	150	167	209	234	48	9
	107.166824 10.549922	192	1074	332	372	466	521	106	20
	107.227249 10.549922	193	1176	464	519	650	727	148	28
	107.259521 10.530345	194	2342	145	162	203	227	46	9
	107.343292 10.549922	195	1929	128	143	179	200	41	8
	105.15152	10.48241	196	1483	231	237	248	254	59	14
	105.242844 10.462154	197	1004	221	226	237	243	56	14
	105.334167 10.454051	198	1023	217	222	232	238	55	13
	105.339661 10.48241	199	1235	269	276	289	296	69	17
	105.425491 10.48241	200	1814	570	584	612	626	145	35
	105.490723 10.48241	201	1008	445	456	477	489	113	28
	105.567627 10.48241	202	1139	417	430	456	470	107	27
	105.612946 10.437845	203	1005	654	675	718	740	168	42
	105.744095 10.440546	204	1001	186	192	204	211	48	12
	106.020126 10.440546	205	1079	320	327	341	348	78	23
	106.064758 10.48241	206	1036	328	335	349	356	80	24
	106.123123 10.48241	207	1049	324	331	345	352	79	23
	106.222687 10.441221	208	1003	260	265	276	282	63	19
	106.247406 10.48241	209	2421	242	247	258	263	59	18
	106.298218 10.440546	210	1094	425	434	452	462	104	31
	106.430054 10.48241	211	1341	360	369	388	398	89	26
	106.435547 10.440546	212	2591	278	291	320	336	73	20
	106.517944 10.48241	213	1590	260	271	295	307	67	19
	106.581802 10.48241	214	1221	287	298	321	333	73	21
	106.704025 10.48241	215	2226	257	267	287	298	65	18
	107.069321 10.48241	216	1062	389	435	545	609	124	24
	107.155838 10.48241	217	2673	627	702	878	983	200	39
	107.227936 10.48241	218	1066	580	649	813	909	185	35
	105.15152	10.375037	219	1014	197	202	212	217	50	12
	105.334167 10.414885	220	2110	211	216	227	232	54	13
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	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	105.382919 10.381116	221	983	488	499	523	536	124	357
	105.421371 10.414885	222	1041	801	820	859	879	204	586
	105.516129 10.414885	223	1022	428	439	462	473	109	314
	105.59166	10.414885	224	1926	326	336	358	369	84	242
	105.650024 10.414885	225	1471	301	310	330	341	77	224
	105.691223 10.414885	226	989	387	399	425	438	99	288
	105.790787 10.414885	227	1958	185	191	203	209	47	137
	105.858765 10.40678	228	1022	255	261	273	279	63	186
	105.886917 10.393948	229	1024	319	325	339	346	78	231
	106.018753 10.395299	230	1010	319	325	339	346	78	231
	106.064758 10.414885	231	1336	328	335	349	356	80	238
	106.156082 10.414885	232	1218	328	335	349	356	80	238
	106.160889 10.350721	233	1495	419	427	446	455	102	304
	106.259766 10.391922	234	1405	469	479	499	510	115	340
	106.331177 10.414885	235	1041	1103	1126	1174	1199	269	800
	106.430054 10.414885	236	2043	864	882	920	939	211	627
	106.502838 10.388545	237	1691	332	341	360	370	82	244
	106.528931 10.414885	238	1030	310	317	331	338	76	226
	106.575623 10.414885	239	1302	293	299	312	319	72	213
	106.676559 10.414885	240	1102	777	793	827	844	190	564
	106.765823 10.407456	241	1094	249	254	265	270	61	181
	107.102966 10.414885	242	1061	470	526	659	737	150	410
	107.160645 10.414885	243	2174	270	302	378	423	86	235
	107.20253	10.406105	244	1062	248	278	348	389	79	216
	105.471497 10.346668	245	1210	719	741	788	813	184	535
	105.477676 10.345317	246	1002	300	319	363	388	78	242
	105.608139 10.347344	247	1313	318	328	349	360	82	237
	105.667877 10.337887	248	1004	326	336	358	369	84	242
	105.699463 10.332483	249	1012	590	608	647	667	151	438
	105.774307 10.347344	250	1096	214	221	235	242	55	159
	105.835419 10.339914	251	1160	250	256	268	274	62	182
	105.919189 10.335185	252	1003	287	293	305	311	70	208
	105.973434 10.347344	253	2283	349	353	362	366	79	254
	106.081924 10.343967	254	1054	290	295	306	312	70	209
	106.156082 10.347344	255	2396	279	285	297	303	68	202
	106.227493 10.323701	256	1091	364	366	370	373	84	257
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	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	106.280365 10.347344	257	1178	384	384	386	388	88	269
	106.33873	10.347344	258	1186	378	378	379	379	86	264
	106.377182 10.347344	259	1545	436	437	440	441	100	306
	106.448593 10.347344	260	2271	241	244	250	254	57	172
	106.509018 10.307488	261	1141	244	250	260	266	60	177
	106.612701 10.347344	262	1897	260	265	276	282	63	188
	106.679306 10.296679	263	1547	430	439	457	467	105	312
	106.765137 10.300057	264	1124	249	254	265	271	61	181
	107.055588 10.347344	265	1727	205	230	287	322	65	179
	105.400085 10.275735	266	1009	162	172	196	210	42	131
	105.470123 10.279789	267	1002	170	187	228	252	45	149
	105.483856 10.279789	268	1553	371	413	509	565	100	333
	105.561447 10.277762	269	1279	286	313	375	410	76	247
	105.67955	10.23114	270	968	306	315	335	346	78	227
	105.699463 10.279789	271	1971	372	384	408	421	95	277
	105.754395 10.279789	272	1139	288	297	316	326	74	214
	105.824432 10.279789	273	1001	274	283	301	310	70	204
	105.932922 10.279789	274	1451	858	865	879	887	185	627
	105.963135 10.279789	275	1280	436	439	445	448	93	318
	106.029053 10.279789	276	1079	307	306	303	302	66	216
	106.092911 10.279789	277	1095	246	243	238	235	53	169
	106.188354 10.275735	278	1415	345	339	328	323	74	234
	106.297531 10.272357	279	1036	311	306	296	291	66	211
	106.306458 10.279789	280	1127	552	543	525	516	118	373
	106.401901 10.279789	281	1479	612	602	582	572	131	414
	106.443787 10.279789	282	1129	232	228	220	217	50	157
	105.290909 10.181808	283	1012	151	167	205	227	41	134
	105.472183 10.206813	284	1104	162	180	222	247	43	145
	105.47905	10.212219	285	1050	277	308	379	421	74	248
	105.562134 10.212219	286	1106	374	415	512	569	100	335
	105.617752 10.210192	287	1486	276	294	334	357	72	223
	105.699463 10.212219	288	1175	289	293	302	307	66	212
	105.790787 10.212219	289	1644	281	286	298	304	66	207
	105.882111 10.202758	290	1044	279	285	299	307	68	206
	105.922623 10.212219	291	1452	370	374	381	385	81	271
	105.972748 10.212219	292	1019	377	380	385	388	81	276

Table 8 :

 8 The details of risk points for simulating with the Multi-scale system in 32 steps consisting of water quantity of each point and population of each point in years and ages in the MD.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	105.895844 9.874158	365	1564	213	223	246	259	58	13
	106.064758 9.874158	366	2380	202	206	214	218	49	13
	106.156082 9.818006	367	1002	223	227	235	240	53	14
	106.212387 9.85251	368	1019	221	225	234	238	53	14
	106.33873	9.874158	369	2439	203	207	214	218	49	13
	106.430054 9.811916	370	1046	202	206	214	218	49	13
	105.425491 9.806504	371	1020	293	279	253	241	63	15
	105.858078 9.806504	372	1169	242	243	249	253	60	14
	105.933609 9.806504	373	1874	211	222	245	257	57	13
	105.973434 9.806504	374	1857	211	221	244	256	57	13
	106.156082 9.773348	375	1004	192	196	204	207	46	12
	106.202087 9.792294	376	1107	221	225	234	238	53	14
	106.247406 9.741542	377	1004	222	226	235	239	53	14
	106.33873	9.806504	378	1094	210	214	222	226	51	13
	106.44928	9.800414	379	1125	202	206	213	217	48	13
	105.845032 9.721239	380	1001	182	191	210	220	49	11
	105.88623	9.721239	381	1193	185	194	214	225	50	11
	105.973434 9.738835	382	2102	199	209	231	242	54	12
	106.070938 9.738835	383	1596	174	183	202	212	47	11
	106.160889 9.721239	384	1054	201	205	213	217	48	12
	106.247406 9.738835	385	969	224	228	236	241	54	14
	106.33873	9.738835	386	1255	222	227	235	239	53	14
	105.973434 9.671154	387	2573	603	633	698	733	163	37
	106.066132 9.663708	388	1199	190	200	220	231	51	12
	105.952835 9.541166	389	1067	180	189	209	219	49	11
	105.973434 9.603458	390	2596	428	449	495	520	116	26
	106.026306 9.602104	391	1084	174	183	201	211	47	11
	106.156082 9.576376	392	1022	190	200	220	231	51	12
	106.156082 9.535749	393	1900	190	200	220	231	51	12
	106.156082 9.468027	394	2436	170	178	196	206	46	10
	105.699463 9.394194	395	1004	154	165	191	206	42	9
	105.790787 9.367095	396	1082	164	176	202	216	45	10
	105.336914 9.270878	397	2652	149	161	187	202	41	9
	105.425491 9.332542	398	2200	158	170	198	214	43	9
	105.516815 9.31628	399	1018	148	159	186	200	41	9
	105.699463 9.332542	400	1596	308	332	387	417	85	18
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 8 The details of risk points for simulating with the Multi-scale system in 32 steps consisting of water quantity of each point and population of each point in years and ages in the MD.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15	15-65 >65
	105.214005 9.254614	401	1003	209	219	240	251	57	161	11
	105.334167 9.264779	402	1978	157	170	198	214	43	131	9
	105.699463 9.264779	403	1587	291	314	366	395	80	241	17
	105.814133 9.238349	404	968	225	242	282	305	62	186	13
	105.185852 9.171246	405	1001	378	393	424	440	103	286	19
	105.242844 9.197004	406	2156	356	370	400	417	97	270	18
	105.159073 9.129216	407	1002	230	239	258	268	63	174	12
	105.207825 9.129216	408	1094	212	221	240	250	58	161	11
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 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	67.023468 25.161444	1	5445	695	780	984	1105	305	27
	67.056427 25.161444	2	1515	695	780	984	1105	305	27
	67.064667 25.162687	3	992	668	750	946	1062	293	26
	67.101746 25.160201	4	1129	136	152	192	216	60	5
	67.109985 25.161444	5	3077	136	152	192	216	60	5
	67.130585 25.158958	6	984	136	152	192	216	60	5
	67.149811 25.156472	7	1024	136	152	192	216	60	5
	67.175903 25.160201	8	1026	136	152	192	216	60	5
	67.200623 25.155229	9	1112	136	152	192	216	60	5
	67.212982 25.157715	10	1143	136	152	192	216	60	5
	67.247314 25.165173	11	1070	136	152	192	216	60	5
	67.250061 25.165173	12	1104	136	152	192	216	60	5
	67.27066	25.157715	13	2520	136	152	192	216	60	5
	67.039948 25.146528	14	2545	695	780	984	1106	305	27
	67.044067 25.146528	15	1345	695	780	984	1106	305	27
	67.081146 25.146528	16	1239	695	780	984	1106	305	27
	67.085266 25.146528	17	1067	681	765	965	1084	299	
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 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	67.114105 25.146528	18	2789	136	152	192	216	60	5
	67.131958 25.146528	19	1052	136	152	192	216	60	5
	67.152557 25.142798	20	1156	136	152	192	216	60	5
	67.173157 25.145285	21	1004	598	672	847	951	262	23
	67.188263 25.146528	22	1147	415	466	588	660	182	16
	67.217102 25.146528	23	1055	136	152	192	216	60	5
	67.233582 25.146528	24	1855	136	152	192	216	60	5
	67.254181 25.146528	25	1308	136	152	192	216	60	5
	67.28714	25.142798	26	1240	136	152	192	216	60	5
	67.29126	25.146528	27	3943	136	152	192	216	60	5
	67.315979 25.146528	28	2052	136	152	192	216	60	5
	67.340698 25.146528	29	1424	136	152	192	216	60	5
	67.023468 25.127879	30	2399	695	780	984	1106	305	27
	67.048187 25.127879	31	3277	695	780	984	1106	305	27
	67.072906 25.125393	32	1113	695	780	984	1106	305	27
	67.086639 25.127879	33	988	695	780	984	1106	305	27
	67.105865 25.124149	34	1115	510	573	722	811	224	20
	67.130585 25.127879	35	1116	165	185	233	262	73	6
	67.163544 25.127879	36	1073	463	520	656	736	203	18
	67.171783 25.127879	37	1114	695	780	984	1106	305	27
	67.189636 25.127879	38	1188	695	780	984	1106	305	27
	67.221222 25.127879	39	1013	592	664	838	941	259	23
	67.237701 25.127879	40	1532	136	152	192	216	60	5
	67.262421 25.127879	41	1120	136	152	192	216	60	5
	67.28302	25.126636	42	1174	136	152	192	216	60	5
	67.303619 25.127879	43	1117	136	152	192	216	60	5
	67.311859 25.127879	44	5705	136	152	192	216	60	5
	67.332458 25.127879	45	1149	136	152	192	216	60	5
	67.353058 25.127879	46	1584	136	152	192	216	60	5
	67.373657 25.127879	47	997	136	152	192	216	60	5
	67.009735 25.109228	48	1053	412	463	583	654	180	16
	67.023468 25.109228	49	2994	695	781	985	1106	305	27
	67.052307 25.095549	50	1014	695	781	985	1106	305	27
	67.068787 25.109228	51	1392	695	781	985	1106	305	27
	67.085266 25.109228	52	4163	695	781	985	1106	305	27
	67.114105 25.109228	53	1060	695	781	985	1106	305	27
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 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	67.130585 25.109228	54	1805	677	760	958	1077	297	27
	67.151184 25.109228	55	1039	695	781	985	1106	305	27
	67.169037 25.109228	56	1008	695	781	985	1106	305	27
	67.188263 25.107984	57	1060	695	781	985	1106	305	27
	67.208862 25.109228	58	1111	695	781	985	1106	305	27
	67.229462 25.109228	59	1339	198	223	281	316	87	8
	67.250061 25.109228	60	1194	136	152	192	216	60	5
	67.27066	25.109228	61	1410	136	152	192	216	60	5
	67.29126	25.109228	62	1866	136	152	192	216	60	5
	67.311859 25.109228	63	1269	136	152	192	216	60	5
	67.340698 25.109228	64	1103	136	152	192	216	60	5
	67.365417 25.109228	65	1436	136	152	192	216	60	5
	67.377777 25.109228	66	1555	136	152	192	216	60	5
	67.394257 25.109228	67	1139	136	152	192	216	60	5
	67.418976 25.109228	68	1588	128	144	182	204	57	5
	66.982269 25.090574	69	2438	421	472	594	667	184	17
	67.002869 25.090574	70	1212	695	781	985	1106	305	27
	67.031708 25.090574	71	1141	695	781	985	1106	305	27
	67.044067 25.090574	72	1538	695	781	985	1106	305	27
	67.072906 25.090574	73	3429	695	781	985	1106	305	27
	67.097626 25.090574	74	2500	695	781	985	1106	305	27
	67.109985 25.090574	75	3049	695	781	985	1106	305	27
	67.126465 25.090574	76	2836	695	781	985	1106	305	27
	67.155304 25.090574	77	2364	695	781	985	1106	305	27
	67.171783 25.090574	78	1309	695	781	985	1106	305	27
	67.188263 25.090574	79	1082	695	781	985	1106	305	27
	67.212982 25.090574	80	1463	695	781	985	1106	305	27
	67.229462 25.090574	81	1106	663	744	939	1054	291	26
	67.250061 25.090574	82	1338	136	153	192	216	60	5
	67.27478	25.090574	83	1915	136	153	192	216	60	5
	67.29126	25.090574	84	2075	136	153	192	216	60	5
	67.328339 25.090574	85	1077	136	153	192	216	60	5
	67.340698 25.090574	86	4342	136	153	192	216	60	5
	67.357178 25.090574	87	1146	136	153	192	216	60	5
	67.386017 25.090574	88	3891	136	153	192	216	60	5
	67.398376 25.090574	89	1080	136	153	192	216	60	5
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 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	67.418976 25.090574	90	2934	136	153	192	216	60	5
	67.443695 25.090574	91	3530	136	153	192	216	60	5
	66.986389 25.071917	92	5098	695	781	985	1106	305	27
	67.002869 25.071917	93	2227	695	781	985	1106	305	27
	67.023468 25.071917	94	1108	695	781	985	1106	305	27
	67.044067 25.071917	95	1513	695	781	985	1106	305	27
	67.072906 25.068185	96	1069	695	781	985	1106	305	27
	67.093506 25.071917	97	2810	695	781	985	1106	305	27
	67.105865 25.071917	98	1429	695	781	985	1106	305	27
	67.126465 25.071917	99	1115	695	781	985	1106	305	27
	67.159424 25.071917	100	1159	695	781	985	1106	305	27
	67.167664 25.071917	101	1985	695	781	985	1106	305	27
	67.200623 25.071917	102	1006	695	781	985	1106	305	27
	67.212982 25.071917	103	1656	695	781	985	1106	305	27
	67.229462 25.071917	104	2432	534	600	757	850	234	21
	67.262421 25.071917	105	1109	136	153	192	216	60	5
	67.280273 25.071917	106	1090	136	153	192	216	60	5
	67.29126	25.071917	107	1545	136	153	192	216	60	5
	67.325592 25.068185	108	1076	136	153	192	216	60	5
	67.332458 25.071917	109	1182	136	153	192	216	60	5
	67.369537 25.071917	110	5769	136	153	192	216	60	5
	67.373657 25.071917	111	1400	136	153	192	216	60	5
	67.398376 25.071917	112	1050	136	153	192	216	60	5
	67.414856 25.071917	113	1472	136	153	192	216	60	5
	67.435455 25.071917	114	1085	136	153	192	216	60	5
	67.456055 25.071917	115	2664	136	153	192	216	60	5
	67.484894 25.068185	116	4576	129	145	183	205	57	5
	66.941071 25.053257	117	2578	288	323	406	455	126	11
	66.978149 25.053257	118	1106	666	748	943	1059	292	26
	66.986389 25.053257	119	2416	695	781	985	1106	305	27
	67.002869 25.045792	120	1053	695	781	985	1106	305	27
	67.031708 25.053257	121	2425	695	781	985	1106	305	27
	67.044067 25.047036	122	1175	695	781	985	1106	305	27
	67.064667 25.053257	123	2492	695	781	985	1106	305	27
	67.089386 25.053257	124	2249	695	781	985	1106	305	27
	67.109985 25.053257	125	4080	695	781	985	1106	305	27
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 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	67.126465 25.053257	126	4400	695	781	985	1106	305	27
	67.151184 25.053257	127	1367	695	781	985	1106	305	27
	67.171783 25.053257	128	1047	695	781	985	1106	305	27
	67.200623 25.053257	129	1580	695	781	985	1106	305	27
	67.208862 25.053257	130	2113	695	781	985	1106	305	27
	67.229462 25.053257	131	1111	140	157	198	222	62	5
	67.250061 25.053257	132	1117	136	153	192	216	60	5
	67.27066	25.049525	133	1680	136	153	192	216	60	5
	67.29126	25.049525	134	1438	136	153	192	216	60	5
	67.329712 25.049525	135	1069	136	153	192	216	60	5
	67.348938 25.053257	136	1868	136	153	192	216	60	5
	67.364044 25.053257	137	1065	136	153	192	216	60	5
	67.386017 25.053257	138	1963	136	153	192	216	60	5
	67.39975	25.053257	139	1035	136	153	192	216	60	5
	67.414856 25.049525	140	990	136	153	192	216	60	5
	67.439575 25.053257	141	3764	136	153	192	216	60	5
	67.468414 25.049525	142	2684	136	153	192	216	60	5
	67.484894 25.053257	143	1861	136	153	192	216	60	5
	66.94519	25.034594	144	1120	695	781	985	1107	305	27
	66.96579	25.034594	145	2164	695	781	985	1107	305	27
	66.982269 25.034594	146	1686	695	781	985	1107	305	27
	67.012482 25.034594	147	1082	695	781	985	1107	305	27
	67.031708 25.034594	148	1507	695	781	985	1107	305	27
	67.060547 25.034594	149	1049	695	781	985	1107	305	27
	67.064667	25.03335	150	1075	695	781	985	1107	305	27
	67.085266 25.034594	151	1107	695	781	985	1107	305	27
	67.109985 25.034594	152	3914	695	781	985	1107	305	27
	67.142944 25.027128	153	1177	695	781	985	1107	305	27
	67.147064 25.034594	154	1137	695	781	985	1107	305	27
	67.169037 25.030861	155	1020	695	781	985	1107	305	27
	67.188263 25.034594	156	1284	695	781	985	1107	305	27
	67.215729 25.034594	157	1113	395	443	559	628	173	15
	67.233582 25.034594	158	1155	136	153	192	216	60	5
	67.258301 25.034594	159	2330	136	153	192	216	60	5
	67.27478	25.034594	160	1237	136	153	192	216	60	5
	67.306366 25.034594	161	1184	136	153	192	216	60	5
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	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	67.328339 25.034594	162	1148	136	153	192	216	60	106	5
	67.332458 25.034594	163	1111	136	153	192	216	60	106	5
	67.365417 25.034594	164	1191	136	153	192	216	60	106	5
	67.377777 25.034594	165	1184	136	153	192	216	60	106	5
	67.394257 25.034594	166	1207	136	153	192	216	60	106	5
	67.427216 25.034594	167	2636	136	153	192	216	60	106	5
	67.439575 25.034594	168	2571	136	153	192	216	60	106	5
	67.460175 25.034594	169	5034	136	153	192	216	60	106	5
	67.480774 25.034594	170	2409	136	153	192	216	60	106	5
	66.851807 25.015929	171	1006	273	306	384	431	119	213	11
	66.871033 25.015929	172	1159	515	578	728	818	225	403	20
	66.879272 25.015929	173	1538	696	781	985	1107	305	545	27
	66.899872 25.015929	174	1042	670	752	948	1065	293	525	26
	66.920471 25.015929	175	2203	627	704	888	997	275	491	25
	66.94931	25.015929	176	1278	696	781	985	1107	305	545	27
	66.96991	25.015929	177	3683	696	781	985	1107	305	545	27
	66.986389 25.015929	178	1103	696	781	985	1107	305	545	27
	67.019348 25.015929	179	2541	696	781	985	1107	305	545	27
	67.023468 25.015929	180	4149	1558	1750	2207	2479	625	1263	77
	67.044067 25.015929	181	1910	2907	3265	4118	4625	1126	2386	155
	67.064667 25.015929	182	3899	3518	3951	4984	5598	1353	2895	190
	67.085266 25.015929	183	1453	584	656	828	929	256	458	23
	67.105865 25.015929	184	1129	463	520	656	736	203	362	18
	67.126465 25.015929	185	1255	482	541	683	767	211	378	19
	67.163544	25.01344	186	1120	489	550	693	779	215	383	19
	67.175903 25.015929	187	3546	425	477	602	676	187	333	17
	67.196503 25.015929	188	4194	302	339	427	480	133	236	12
	67.212982 25.015929	189	1837	136	153	192	216	60	106	5
	67.229462 25.015929	190	2170	136	153	192	216	60	106	5
	67.250061 25.015929	191	1504	136	153	192	216	60	106	5
	67.27066	25.014684	192	1019	136	153	192	216	60	106	5
	67.307739 25.015929	193	1111	136	153	192	216	60	106	5
	67.315979 25.015929	194	1077	136	153	192	216	60	106	5
	67.333832 25.015929	195	1139	136	153	192	216	60	106	5
	67.355804 25.015929	196	1017	136	153	192	216	60	106	5
	67.381897 25.014684	197	1055	136	153	192	216	60	106	5

Table 9 :

 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	67.406616 25.015929	198	1079	136	153	192	216	60	106	5
	67.414856 25.015929	199	1209	136	153	192	216	60	106	5
	67.435455 25.015929	200	1037	136	153	192	216	60	106	5
	67.456055 25.015929	201	1157	136	153	192	216	60	106	5
	67.476654 25.015929	202	2343	136	153	192	216	60	106	5
	66.825714	24.99726	203	2814	385	432	544	610	168	301	15
	66.842194	24.99726	204	4295	696	781	986	1107	305	545	27
	66.871033	24.99726	205	2015	696	781	986	1107	305	545	27
	66.888885	24.99726	206	1006	696	781	986	1107	305	545	27
	66.916351	24.99726	207	2941	696	781	986	1107	305	545	27
	66.936951	24.99726	208	5739	696	781	986	1107	305	545	27
	66.94931	24.99726	209	2373	696	781	986	1107	305	545	27
	66.96167	24.99726	210	6485	696	781	986	1107	305	545	27
	66.990509	24.99726	211	1156	696	781	986	1107	305	545	27
	67.019348	24.99726	212	1497	696	781	986	1107	305	545	27
	67.035828 24.994771	213	1179	2421	2719	3430	3853	945	1982	127
	67.0578	24.99726	214	1033	10923 12268 15474 17378 4101	9059	617
	67.077026	24.99726	215								

Table 9 :

 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	67.468414 24.996016	234	1139	136	153	193	216	60	106	5
	67.476654	24.99726	235	1882	136	153	193	216	60	106	5
	66.796875 24.974855	236	2235	585	657	829	931	257	458	23
	66.825714 24.978589	237	3392	696	781	986	1107	305	545	27
	66.846313 24.978589	238	2288	696	781	986	1107	305	545	27
	66.875153 24.978589	239	2617	696	781	986	1107	305	545	27
	66.883392 24.978589	240	1195	696	781	986	1107	305	545	27
	66.913605 24.978589	241	1036	696	781	986	1107	305	545	27
	66.920471 24.978589	242	1426	696	781	986	1107	305	545	27
	66.94931	24.96365	243	991	696	781	986	1107	305	545	27
	66.97403	24.978589	244	2720	696	781	986	1107	305	545	27
	66.986389 24.978589	245	1274	696	781	986	1107	305	545	27
	67.006989 24.974855	246	2387	696	781	986	1107	305	545	27
	67.027588 24.978589	247	7696	4957	5568	7023	7887	1887	4093	273
	67.048187 24.978589	248	1196	10924 12269 15476 17381 4101	9061	618
	67.077026 24.978589	249	2073	10703 12020 15162 17028 4018	8877	605
	67.097626 24.978589	250	4667	136	153	193	216	60	106	5
	67.118225 24.978589	251	2076	136	153	193	216	60	106	5
	67.126465 24.978589	252	1490	136	153	193	216	60	106	5
	67.155304 24.978589	253	1496	136	153	193	216	60	106	5
	67.171783 24.978589	254	2644	136	153	193	216	60	106	5
	67.188263 24.978589	255	4950	136	153	193	216	60	106	5
	67.212982 24.978589	256	1965	136	153	193	216	60	106	5
	67.241821 24.974855	257	1073	136	153	193	216	60	106	5
	67.254181 24.978589	258	1273	136	153	193	216	60	106	5
	67.27478	24.978589	259	1524	136	153	193	216	60	106	5
	67.292633 24.978589	260	1251	136	153	193	216	60	106	5
	67.315979 24.978589	261	1212	136	153	193	216	60	106	5
	67.332458 24.978589	262	1122	136	153	193	216	60	106	5
	67.357178 24.978589	263	1993	136	153	193	216	60	106	5
	67.386017 24.978589	264	5028	136	153	193	216	60	106	5
	67.410736 24.978589	265	1673	136	153	193	216	60	106	5
	67.414856 24.978589	266	1895	136	153	193	216	60	106	5
	67.435455 24.978589	267	1151	136	153	193	216	60	106	5
	67.456055 24.978589	268	1147	136	153	193	216	60	106	5
	67.480774 24.974855	269	4996	136	153	193	216	60	106	5

Table 9 :

 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	66.805115 24.959915	270	2283	696	782	986	1107	305	545	27
	66.817474 24.959915	271	1380	696	782	986	1107	305	545	27
	66.842194 24.959915	272	3677	696	782	986	1107	305	545	27
	66.858673	24.95618	273	1055	696	782	986	1107	305	545	27
	66.895752 24.957425	274	1149	696	782	986	1107	305	545	27
	66.903992	24.95618	275	2229	696	782	986	1107	305	545	27
	66.932831	24.9512	276	1069	696	782	986	1107	305	545	27
	66.941071 24.959915	277	1420	696	782	986	1107	305	545	27
	66.96167	24.959915	278	2951	696	782	986	1107	305	545	27
	66.982269 24.959915	279	1078	696	782	986	1107	305	545	27
	67.006989 24.959915	280	3677	696	782	986	1107	305	545	27
	67.039948 24.959915	281	2058	9670	10861 13699 15386 3636	8017	545
	67.056427 24.957425	282	1110	10926 12271 15478 17383 4102	9062	618
	67.077026 24.959915	283	1882	6294	7069	8917	10014 2367	5218	355
	67.085266 24.959915	284	2455	141	159	200	225	62	111	5
	67.105865 24.959915	285	1023	973	1093	1379	1548	383	794	50
	67.134705 24.959915	286	2340	136	153	193	216	60	106	5
	67.147064 24.959915	287	1985	136	153	193	216	60	106	5
	67.175903 24.959915	288	2993	136	153	193	216	60	106	5
	67.192383	24.95618	289	2126	136	153	193	216	60	106	5
	67.221222 24.959915	290	1194	136	153	193	216	60	106	5
	67.233582 24.959915	291	1888	136	153	193	216	60	106	5
	67.254181 24.959915	292	2890	136	153	193	216	60	106	5
	67.288513 24.959915	293	1026	136	153	193	216	60	106	5
	67.29126	24.959915	294	1320	136	153	193	216	60	106	5
	67.320099 24.959915	295	1456	136	153	193	216	60	106	5
	67.332458 24.959915	296	1710	136	153	193	216	60	106	5
	67.372284 24.959915	297	991	136	153	193	216	60	106	5
	67.373657 24.959915	298	1397	136	153	193	216	60	106	5
	67.406616 24.959915	299	1309	136	153	193	216	60	106	5
	67.423096 24.959915	300	2539	136	153	193	216	60	106	5
	67.438202 24.959915	301	1039	136	153	193	216	60	106	5
	67.456055 24.959915	302	1295	136	153	193	216	60	106	5
	67.484894 24.959915	303	1111	136	153	193	216	60	106	5
	66.796875 24.941238	304	3598	696	782	986	1107	305	545	27
	66.817474 24.928785	305	1155	696	782	986	1107	305	545	27

Table 9 :

 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	66.838074 24.941238	306	991	696	782	986	1107	305	545	27
	66.875153 24.935012	307	1050	696	782	986	1107	305	545	27
	66.879272 24.941238	308	1186	696	782	986	1107	305	545	27
	66.903992 24.941238	309	1044	696	782	986	1107	305	545	27
	66.920471 24.941238	310	1008	696	782	986	1107	305	545	27
	66.947937 24.941238	311	1092	696	782	986	1107	305	545	27
	66.96167	24.933767	312	981	696	782	986	1107	305	545	27
	66.990509 24.941238	313	1142	696	782	986	1107	305	545	27
	67.019348 24.941238	314	2428	2100	2358	2975	3341	826	1714	108
	67.039948 24.939993	315	1091	10927 12273 15480 17386 4102	9063	618
	67.048187 24.941238	316	1175	10927 12273 15480 17386 4102	9063	618
	67.079773 24.941238	317	1070	10699 12016 15156 17022 4017	8873	605
	67.089386 24.941238	318	5700	5130	5761	7267	8161	1986	4210	274
	67.109985 24.938748	319	977	5228	5872	7407	8318	2024	4292	279
	67.129211 24.941238	320	1180	2057	2310	2914	3273	801	1685	108
	67.147064 24.941238	321	1054	136	153	193	216	60	106	5
	67.180023 24.941238	322	1099	136	153	193	216	60	106	5
	67.203369 24.941238	323	1003	136	153	193	216	60	106	5
	67.225342 24.941238	324	1191	136	153	193	216	60	106	5
	67.241821 24.941238	325	1867	136	153	193	216	60	106	5
	67.254181 24.941238	326	1214	136	153	193	216	60	106	5
	67.27478	24.941238	327	1102	136	153	193	216	60	106	5
	67.29126	24.941238	328	1416	136	153	193	216	60	106	5
	67.311859 24.937503	329	1219	136	153	193	216	60	106	5
	67.348938 24.941238	330	1122	136	153	193	216	60	106	5
	67.365417 24.941238	331	2916	136	153	193	216	60	106	5
	67.377777 24.941238	332	1045	136	153	193	216	60	106	5
	67.410736 24.937503	333	967	136	153	193	216	60	106	5
	67.414856 24.939993	334	1177	136	153	193	216	60	106	5
	67.447815 24.941238	335	2590	136	153	193	216	60	106	5
	67.456055 24.941238	336	1190	136	153	193	216	60	106	5
	67.476654 24.930031	337	1304	136	153	193	216	60	106	5
	66.796875 24.922559	338	1895	696	782	986	1108	305	545	28
	66.835327 24.911349	339	977	696	782	986	1108	305	545	28
	66.838074 24.922559	340	1008	696	782	986	1108	305	545	28
	66.866913 24.922559	341	1259	696	782	986	1108	305	545	28

Table 9 :

 9 The details of risk points for simulating with the Multi-scale system in 134 million steps consisting of water quantity of each point and population of each point in years and ages. Modélisation et simulation pour la surveillance des systèmes d'eau, application des automates cellulaires à la surveillance et au contrôle de l'environnement Mots-clés : Grande échelle ; Modélisation des inondations ; Résolution des données ; Automates cellulaires ; Multiéchelle ; Changement climatique. Les organisations internationales telles que l'ONU mettent actuellement en garde contre l'augmentation des risques pour la vie humaine due au changement climatique. Les risques et les conséquences ont doublé en 20 ans, ce qui est particulièrement flagrant dans le cas des inondations. Il est nécessaire de surveiller, de comprendre l'évolution et de lutter contre les phénomènes naturels dangereux afin ainsi d'en atténuer les conséquences.

	Longitude	Latitude	Point	Water Quantity	2000	2005	2015	2020	>15 15-65 >65
	66.924591 24.903876	378	1290	696	782	986	1108	305	545	28
	66.94931	24.903876	379	1267	696	782	986	1108	305	545	28
	66.96167	24.903876	380	1130	696	782	986	1108	305	545	28
	66.994629 24.903876	381	1180	696	782	986	1108	305	545	28
	67.006989 24.903876	382	1263	1400	1572	1983	2227	566	1131	68
	67.035828 24.900139	383	1107	9418	10577 13342 14984 3554	7798	528
	67.052307 24.903876	384	2139	7265	8159	10292 11559 2771	5993	399
	67.064667 24.900139	385	1627	5533	6214	7838	8803	2142	4542	295
	67.093506 24.903876	386	1380	5533	6214	7838	8803	2142	4542	295
	67.108612 24.903876	387	1010	5533	6214	7838	8803	2142	4542	295
	67.129211 24.903876	388	985	151	170	214	241	66	119	6
	67.147064 24.903876	389	2413	136	153	193	216	60	106	5
	67.180023 24.903876	390	2137	5518	6197	7817	8779	2136	4529	295
	67.196503 24.903876	391	2286	3606	4050	5109	5738	1398	2958	192
	67.212982 24.900139	392	1027	136	153	193	216	60	106	5
	67.229462 24.903876	393	2410	136	153	193	216	60	106	5
	67.261047 24.903876	394	1043	136	153	193	216	60	106	5
	67.2789	24.903876	395	2765	136	153	193	216	60	106	5
	67.29126	24.903876	396	2601	136	153	193	216	60	106	5
	67.324219 24.887682	397	1044	136	153	193	216	60	106	5
	67.348938 24.903876	398	1425	136	153	193	216	60	106	5
	67.357178 24.903876	399	1027	136	153	193	216	60	106	5
	67.386017 24.903876	400	1157	136	153	193	216	60	106	5
	67.397003 24.903876	401	1080	136	153	193	216	60	106	5
	67.418976 24.903876	402	1344	136	153	193	216	60	106	5
	67.447815 24.903876	403	1657	136	153	193	216	60	106	5
	67.456055 24.903876	404	1159	136	153	193	216	60	106	5
	67.480774 24.903876	405	1334	136	153	193	216	60	106	5
	66.800995 24.885191	406	981	696	782	986	1108	305	545	28
	66.817474 24.885191	407	2003	696	782	986	1108	305	545	28
	66.842194 24.885191	408	1194	696	782	986	1108	305	545	28
	66.862793 24.885191	409	1943	668	750	946	1063	293	523	26
	66.879272 24.885191	410	1108	576	647	816	917	253	451	23
	66.908112 24.885191	411	1496	561	630	795	893	246	440	22
	66.928711 24.885191	412	1108	696	782	986	1108	305	545	28
	66.94519	24.885191	413	2283	696	782	986	1108	305	545	28
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Figure 12: The diagram shows the population count in three age groups and the water quantity of risk points in Karachi during 32 hours of rain.
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