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KNOWLEDGE TREE

Part 1: Fundamentals of Systems Theory

1.1 Introduction to Systems Thinking

e  What is Systems Thinking?
e Key Concepts in Systems Thinking
e Holistic Approach for Problem Solving

1.2 Complexity and System Dynamics

e Definition of Complexity
e Non-linearity, Emergence and Self-Organization
e System Dynamics and Attractors

1.3 Control, Feedback and Networks

e Types of Feedback Loops
e  Control Theory in Systems
e Network Theory and Connectivity

Part 2 : Complex Adaptive Systems (CAS) and
Modeling

2.1 Characteristics and Behaviors of CAS

e Adaptive Agents and Interactions
e Emergent Behavior and Adaptation
e Resilience and Robustness in CAS

2.2 Agent-Based Modeling

e Agent Behavior and Rules
e Interaction Networks and Learning
e Co-evolution and Innovation Modeling

2.3 Mathematical Foundations for CAS Modeling

e Evolutionary and Genetic Algorithms
e Optimization and Edge of Chaos
e Phase Transition and Fitness Landscape

€ weeki - Theory of Systems / Complex adaptive systems

Part 3 : Applications

3.1 Biological and Ecological Applications
e Evolutionary Biology and CAS (Complex Adaptive

Systems)
Ecological Systems and Immune System Modeling
Population Dynamics and Ecosystems

3.2 Socioeconomic Applications
e Economics and CAS

e Social Networks, Influence and Market Dynamics
e  Fractal Geometry and Scaling

3.3 Engineering, Technology, and Emerging Systems
e  Robotic Swarms and Self-Organized Networks

e  Smart Grids, Energy Management and Modularity
e  Synchronization, Self-Organization and
Decentralization
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KNOWLEDGE TREE

Part 6: Agent-Based Modeling

6.1 Agent-Based Modeling: Fundamentals

e  Basics of Agent-Based Modeling
e  Agents, Rules, and Interactions
6.2 Emergent Behavior and Self-Organization

e  Emergence in Complex Systems
e  Self-Organization and Swarm
Intelligence
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KNOWLEDGE TREE
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Chapter 1: Introduction to
Adaptive Complex Systems

Definition of Adaptive Complex
Systems

Historical Evolution

Importance in Contemporary
Science

Real-world Examples

Basic Concepts and Terminologies
Fields of Application

Overview of Course Structure

Chapter 2: Fundamental
Concepts

Agents and Multi-Agent Systems
Emergence

Feedback Loops

Non-linearity

Self-organization and Spontaneous
Order

Adaptation and Evolution
Resilience and Robustness

Chapter 3: Modelling and
Simulation

Agent-Based Modelling

System Dynamics Modelling
Cellular Automata

Network Models

Hybrid Models

Simulation Tools and Techniques
Validating and Verifying Models

- Theory of Systems / Complex adaptive systems

Chapter 4: Networks and Connectivity
Graph Theory Fundamentals

Social Networks

Ecological Networks

Technological Networks

Network Dynamics

Network Resilience

Complex Network Analysis Tools

Chapter 5: Complex Adaptive Systems in Economics
Economic Agents and Markets

Game Theory

Evolutionary Economics

Market Dynamics and Instabilities

Financial Crises as Complex System Phenomena
Innovation Systems

Policy Implications and Interventions

Chapter 6: Social and Cultural Systems
Social Institutions as Complex Systems
Cultural Evolution

Crowd Dynamics

Opinion Dynamics and Social Influence
Social Movements and Revolutions
Online Social Networks

Social-ecological Systems

Chapter 7: Future Directions and
Challenges

Grand Challenges in Understanding
Complex Systems

Interdisciplinary Approaches

Big Data and Complex Systems
Ethical Implications of Complexity
Science

Implications for Policy and
Governance

Education and Public Awareness
Concluding Remarks
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TEXTE DE DESCRIPTION

DU COURS

Welcome to the enthralling journey of "Systems Theory and Complex Adaptive Systems." This
course invites you to embark on a thought-provoking exploration of the principles and applications
of systems theory, unraveling the intricacies of complex adaptive systems that permeate our world.
Picture yourself immersing in a world where interconnectedness, emergence, and adaptation form
the very essence of our existence, and where understanding these dynamics unlocks the door to
innovative problem-solving and transformative technologies.

As you step into this course, you'll dive headfirst into the realm of systems thinking, a holistic
approach to problem-solving that transcends reductionism. You'll uncover the nature of complexity
within systems, exploring concepts of emergence, self-organization, and the intriguing phenomena
of nonlinearity and chaos. The course takes you through the fundamentals of feedback and control,
illuminating how systems maintain equilibrium and adapt to changes, drawing inspiration from the
field of cybernetics.

But it doesn't stop at theory alone. This course equips you with the skills to navigate complex
adaptive systems, as you delve into agent-based modeling, where adaptive agents interact within
intricate networks, leading to emergent behavior. Evolutionary dynamics will become second
nature, as you explore evolutionary algorithms, genetic algorithms, and the dynamics of
co-evolution.

With a solid mathematical foundation, you'll analyze systems using dynamical systems theory,
navigate network complexities with graph theory, and decode information flow through information
theory. The applications are boundless, spanning biological systems, where you'll delve into
evolutionary biology and ecological modeling, to socioeconomic systems, unraveling the intricacies
of economics, social networks, and market dynamics. Engineering and technology applications
abound, from robotic swarms to self-organizing networks and the management of smart grids.

This course is your gateway to understanding and harnessing the power of complex adaptive
systems, whether you're a scientist, a researcher, an engineer, or simply someone captivated by
the intricacies of our dynamic world.

[ { uJeeki - Theory of Systems / Complex adaptive systems Baptiste Mokas
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Use Case with python

Use Case: Modeling Robotic Swarms with Complex Adaptive Systems

In the context of the course on Systems Theory and Complex Adaptive Systems, let's explore a use case involving the
modeling of robotic swarms. This use case will incorporate concepts from Complex Adaptive Systems (CAS),
mathematical foundations for systems theory, and applications in engineering and technology.

Description:

Robotic swarms consist of a group of autonomous robots that interact with each other and their environment to achieve
collective tasks. Modeling and controlling such swarms often require understanding the principles of complex adaptive
systems, as the robots adapt their behaviors based on the environment and interactions with other robots.

Key Components:

Complex Adaptive Systems (CAS): Robotic swarms are considered complex adaptive systems due to their adaptive
agents (robots) that interact with each other and adapt their behaviors based on local information and interactions.

Agent-Based Modeling: Each robot in the swarm is represented as an agent with its own behavior and rules. The agents
interact with each other and adapt their actions in response to the environment and other agents.

Evolutionary Dynamics: Evolutionary algorithms, such as genetic algorithms, can be used to evolve the behaviors and
strategies of individual robots or to optimize the overall performance of the swarm.

Network Theory: Network theory can be applied to model the connectivity and communication patterns among robots
within the swarm, which is crucial for coordination and information exchange.

Mathematical Foundations: Differential equations may be used to model the dynamics of individual robots or to describe
emergent behaviors in the swarm. Network theory can also be employed to analyze the topology of the swarm's
communication network.

Applications: Robotic swarms have numerous applications in areas like search and rescue, environmental monitoring,
and industrial automation. Understanding and modeling their behaviors are essential for designing efficient and robust
swarm systems.

[ weekl - Theory of Systems / Complex adaptive systems

Here's a simplified example of Python code to model a
robotic swarm using agent-based modeling:

import random

ass Robot:
lef __ipnit_ (self, x, y):
self.x = x
self.y =y

def move(self):

self.x += random.uniform(-1, 1)
self.y += random.uniform(-1, 1)

swarm = [Robot(random.uniform(@, 18), random.uniform(@, 10)) for _ in range(swarm_size)]

for _ in range(simulation_duration):
for robot in swarm:
robot.move()

This use case demonstrates how Systems Theory,
Complex Adaptive Systems, and Agent-Based Modeling
can be applied to simulate and analyze the behavior of
robotic swarms, helping engineers and researchers
design and optimize swarm-based systems for various
applications.
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EXERCICES

GENERAL KNOWLEDGE

Question 1 : What is the concept of an attractor in the context of Complex Adaptive Systems? Provide a
mathematical definition and explain its significance.

Question 2 : Explain the term "emergence" in the Theory of Complex Adaptive Systems and provide an
example from a real-world system.

Question 3 : Define the concept of self-organization and how it applies to decentralized systems. Offer a
mathematical explanation if possible.

Question 4 : How does the fitness landscape relate to the evolution theory in Complex Adaptive Systems?
Describe its mathematical representation.

Question 5 : Discuss the role of multi-objective optimization in Complex Adaptive Systems. Provide a
realworld example.

Question 6 : What is the significance of non-linearity in the modeling of Complex Adaptive Systems? Give a
mathematical example.

Question 7 : How do feedback loops influence the behavior of complex systems? Provide a mathematical
illustration.

Question 8 : Explain the concept of co-evolution and its role in complex systems. Offer a real-world example
and a mathematical representation.

Question 9 : What are phase transitions in Complex Adaptive Systems, and how can they be mathematically
modeled?

Question 10 : Describe the application of agent-based modeling in the study of Complex Adaptive Systems.
Provide a mathematical explanation if relevant.
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EXERCICES

MATHEMATICS (BONUS)

Question 1 : Given a system described by the differential equation: % = ky, where k is a constant, solve for
y(t) with an initial condition y(0) = yp.

Question 2 : In the context of a complex system, explain the meaning and significance of a system's Jacobian
matrix. Provide a mathematical example.

Question 3 : Discuss the use of fractals in modeling complex systems. Create a simple mathematical fractal and
explain its properties.

Question 4 : Define the concept of entropy in the context of Complex Adaptive Systems and its relation to
information theory. Provide relevant mathematical formulas.

Question 5 : Explore the concept of network theory and its application to modeling complex systems. Provide
an example and relevant mathematical equations.

Question 6 : Explain the Lotka-Volterra equations and how they are used to model predator-prey interactions in
complex systems. Include the mathematical equations.

Question 7 : Describe the concept of a bifurcation in the context of dynamical systems and provide a
mathematical example.

Question 8 : Discuss the role of cellular automata in modeling complex systems and provide a specific cellular
automaton rule with an explanation.

Question 9 : Define the term "fractal dimension" and explain its relevance in characterizing complex geometric
patterns. Include a mathematical definition.

Question 10 : Explore the concept of "edge of chaos" in Complex Adaptive Systems and provide a
mathematical example to illustrate this state.
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Question 1: What is the concept of an attractor in the context of Complex Adaptive Systems?
Provide a mathematical definition and explain its significance.

Answer : An attractor in Complex Adaptive Systems is a set of values towards which a dynamic system
converges over time. Mathematically, this can be expressed as lim; ., (t) = A, where A is a fixed point. In

dynamical systems described by differential equations, such as ‘é—f = f(z), finding an attractor involves solving

for 2(t) over time. It can be a point attractor ( A is a single value), limit cycle, or strange attractor. Attractors are
significant as they help analyze the long-term behavior of systems and understand their stability properties.

Question 2: Explain the term "emergence" in the Theory of Complex Adaptive Systems and provide an example
from a real-world system.

Answer : Emergence in Complex Adaptive Systems is the phenomenon where complex, higher-level patterns or
properties emerge from interactions of simpler elements. Mathematically, emergence is challenging to represent
directly, as it depends on the specific system. It often involves non-linear relationships and interactions. For
example, in a real-world system like traffic flow, emergence can be observed when traffic patterns, such as
traffic jams or smooth flows, emerge from the interactions of individual vehicles following simple rules.
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Question 3: Define the concept of self-organization and how it applies to decentralized systems.Offer a
mathematical explanation if possible.

Answer : Self-organization is a process where a system spontaneously

arranges itself into an organized state without centralized control. Mathematically, self-organization can be
modeled using cellular automata or agent-based models. In these models,each agent follows rules based on its
current state and the states of neighboring agents. For instance, cellular automata can be represented
mathematically as x;(t + 1) = f(x;(¢), z;—1(t), z;11(t)) where x;(t) represents the state of agent ¢ at time ¢.

Question 4: How does the fitness landscape relate to the evolution theory in Complex Adaptive Systems?
Describe its mathematical representation.

Answer : The fitness landscape 1s a multi-dimensional surface where the height at each point represents the
fitness of individuals in a population. Mathematically, it can be represented as a function F'(z1, 2, ..., T,)
where z; are parameters or traits of individuals. Evolution in complex systems aims to find the peaks (high
fitness) in this landscape.

Mathematically, it involves finding solutions to the optimization problem: max F'(x1, Zs, . .., Z,) , subject to
constraints.
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Question 5: Discuss the role of multi-objective optimization in Complex Adaptive Systems. Provide a real-
world example.

Answer : Multi-objective optimization involves optimizing multiple, often conflicting objectives
simultaneously. Mathematically, it can be represented as an optimization problem with multiple objective
functions: max|f;(x), fo(x), ..., fr(x)], subject to constraints. In Complex Adaptive Systems, it helps find
solutions that balance multiple objectives. For example, in portfolio optimization, it involves simultaneously
maximizing returns and minimizing risks.

Question 6: What is the significance of non-linearity in the modeling of Complex Adaptive Systems?
Give a mathematical example.

Answer : Non-linearity means that the relationships between variables are not proportional. In mathematical
models, non-linearity can be expressed as functions where variables are raised to powers other than one or are
part of more complex functions. For instance, a linear equation is y = ax + b, whereas a non-linear equation
could be y = ax? + bz + c. Non-linearity is significant because it often leads to complex and unexpected
behaviors in systems, making them challenging to model and predict.
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Question 7: How do feedback loops influence the behavior of complex systems? Provide a mathematical
illustration.

Answer : Feedback loops occur when a variable's value influences itself or other variables within the system.
Mathematically, feedback loops can be represented by difference or differential equations. For example, a first-
dx

order linear differential equation with feedback is: - = az — bx?, where a and b represent feedback

parameters. These equations describe how the rate of change of  depends on both z itself and external factors.

Question 8: Explain the concept of co-evolution and its role in complex systems. Offer a real-world example
and a mathematical representation.

Answer : Co-evolution occurs when two or more species or entities mutually influence each other's evolution.
Mathematically, this can be represented as a set of coupled differential equations or recursive systems. An

example is predator-prey co-evolution, represented by the Lotka-Volterra equations: 9% = az — bzy and

dt
% = cxy — dy. Here, x and y represent the populations of prey and predators, and a, b, ¢, and d are parameters.

These equations model how changes in one population affect the other.

Question 9: What are phase transitions in Complex Adaptive Systems, and how can they be mathematically
modeled?

Answer : Phase transitions in complex systems represent abrupt changes in the system's behavior as external
parameters vary. They can be mathematically modeled using order parameters and critical points. For example,
in the Ising model, a mathematical representation of phase transitions in magnetic materials, phase transitions
are described using a mathematical Hamiltonian and critical temperature.
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Question 10: Describe the application of agent-based modeling in the study of Complex Adaptive Systems.
Provide a mathematical explanation if relevant.

Answer : Agent-based modeling simulates the behavior of individual agents and their interactions within a
system. Mathematically, it involves defining rules that agents follow, often in discrete time steps. For example,

in traffic simulations, agents (vehicles) follow acceleration, deceleration, and lane-changing rules, which can be
expressed mathematically using difference equations.
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