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Abstract
The XXI Century Challenges require an in-depth investigation of Complex Systems to be effectively tackled. Examples of Complex Systems are the living beings, human brain; immune system; ecosystems; macroeconomy; human societies. Distinct disciplines traditionally study such systems. However, the Complexity Science is trying to point out the features shared by every Complex System. This contribution proposes a list of these features and a preliminary objective definition of Natural Complexity.
Moreover, the author demonstrates that the XXI Century Challenges can be rightly defined Complexity Challenges. They concern about different types of Complexity: not only Natural Complexity, but also Computational Complexity, and two other types of Complexity, we might define Descriptive and Bio-ethical Complexity. Finally, this contribution presents promising strategies to tackle the Complexity Challenges and envisage a new trans-disciplinary theory that will sprout from Thermodynamics and will untangle Complexity.
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1. INTRODUCTION
	A relevant purpose of science is that of solving practical problems. Scientific knowledge always promotes the direct or indirect development of technology. Technology relieves humans from their manual and mental labor. Its ultimate goal is to improve the psychophysical well-being of humans. New technologies often permit a more in-depth analysis of natural phenomena because they can allow gleaning more information about them. Mutual positive feedback action exists between science and technology. Cutting-edge technologies allow us to manipulate materials at the nanometric and atomic scales, send robots in other planets of our solar system, and engineer living cells. Even though vertiginous technological progress has been taking place in the last two hundred years or so, there are still compelling challenges that must be won. They are the so-called XXI Century Challenges.  
The XXI Century Challenges are global because they involve everyone on Earth [1, 2]. Examples are all those diseases that are still incurable, like cancer, leukemia, HIV, diabetes, Alzheimer's, and the most recent COVID-19 pandemic. Pathogenic organisms and viruses evolve, and we must update our antibiotics and vaccines. Other challenges regard our productive activities. Natural resources must not be exhausted. Therefore, our economies are destined to become circular, after turning goods at the end of their service life into resources for others, minimizing waste [3]. Manufacturing processes and human activities should not perturb the fragile stability of natural ecosystems, which is primarily based on their biodiversity. Moreover, they should not contribute to climate change. 
We strive to predict catastrophic geological events, such as earthquakes and volcanic eruptions, which may cause many sudden deaths.
Economic and political choices should eradicate poverty from the Earth. It is hard to predict the economic and financial crises. Justice should be guaranteed in our societies by defining and defending all citizens' rights, whatever is their class, age, gender, and health state. Always new ethical issues arise due to the relentless technological development. 
This concise list of the XXI Century Challenges demonstrates that whatever is the difficult task to be tackled, humanity is spurred to deal with Complex Systems. Examples of Complex Systems are the living beings, both uni- and pluricellular; the human immune system; the human nervous system; the macro-economy; the ecosystems; the climate and the geology of our planet; the human societies. Complex Systems look so diverse. They are investigated by many distinct disciplines. However, the burgeoning Complexity Science is trying to point out the features that all Complex Systems share. A more profound understanding of Complex Systems is required if humanity wants to tackle the challenges of this century with new effective strategies. 

2. COMPLEX SYSTEMS
Complex Systems as diverse as living beings, the human brain, immune system, societies, macroeconomy, and ecosystems share some common features [4].
First, all Complex Systems can be described as networks with distinct architectures. The essential elements of any network are nodes (also called vertices) and edges (or links) [5]. The nodes represent the elements of the network, whereas the edges are the connections between them. For most of the Complex Systems, nodes and links are diverse and variable. Moreover, relationships are mutual. There are numerous feedback actions, and networks are characterized by high degrees of non-linearity. 
Second, Complex Systems work in very-far-from-equilibrium conditions, in the thermodynamic sense. If there is just inanimate matter, the behaviors of Complex Systems are driven by force fields. In the presence of living beings, their behaviors are information-based. 
Third, the integration of the nodes' features gives rise to properties that belong to the entire network. The latter features are said to be emergent. The whole is more than the sum of its parts. Emergent properties can be encountered along a hierarchy of levels: for instance, at the molecular, supramolecular, and cellular levels, and also passing from cells to tissues, from tissues to organisms, and from organisms to societies and ecosystems. At each level, novel properties emerge that do not exist at lower levels [6].  
The identification of the common features of Complex Systems induces to propose a formal definition of Natural Complexity () that tries to go beyond any personal and subjective intuitive definition [7, 8].  is a multivariable function of the Multiplicity () of the network, i.e., the number of nodes; the Interconnection () of the network, i.e., the number of edges; the Diversity of the nodes () and the Diversity of links (); the Variability of the nodes () and the Variability of the links (); finally, the Integration () of the properties of the nodes, which gives rise to emergent properties belonging to the entire network. In one formula:
         (1).
Equation (1) is a reformulation of previous definitions [8, 9].  It requires further refinements because it is now time to define the explicit shape of the multivariable function .   
Finally, all the Complex Systems share another relevant feature: Science cannot describe Complex Systems exhaustively. In other words, the behaviors of Complex Systems are unpredictable, especially in the long term. Why? Three fundamental reasons are presented below [4]. 

3. COMPUTATIONAL COMPLEXITY
The first reason we find difficulties in describing Complex Systems is that most of the computational problems regarding Complex Systems are solvable but intractable. Instances of these intractable problems are scheduling, machine learning, financial forecasting, the Schrödinger equation, the Traveling Salesman Problem, and much more. Therefore, the first reason concerns about Computational Complexity (). According to the ’s theory [10], all the solvable computational problems are grouped into two sets: the set of Polynomial Problems and the set of Exponential Problems. A problem is polynomial if the number of computational steps () grows polynomially with the size of the problem:
				(2)
Wherein k is a constant, which could be 1, 2, etc. The class of the polynomial problems (P-problems) is the class of recognition problems. The P-problems can be solved accurately and in a reasonable lapse of time, whatever is their dimension. However, exponential problems exist, as well. They are problems for which the number of computational steps grows exponentially with the size of the problem:
 			(3)
Unfortunately, when we face exponential problems having large dimensions, we cannot determine the accurate solution in a reasonable lapse of time, even if we have the fastest supercomputers in the world at our disposal. In these cases, the original exponential problems are transformed into Non-deterministic Polynomial problems (NP-problems). In other words, after fixing an arbitrary criterion of acceptability for a solution, an approximate and acceptable solution is determined in a reasonable lapse of time by using the available computational tools.  
Simultaneously, computer scientists and mathematicians, along with scientists of other disciplines, are spurred by one million dollars offered by the Clay Mathematics Institute of Cambridge (MA, USA). They are trying to verify whether algorithms can reduce the NP-problems to P-problems or if this reduction is impossible.

4. VARIABLE PATTERNS
The second reason we find difficulties in describing Complex Systems is that they exhibit variable patterns. Variable patterns are objects (both animate and inanimate) or events whose recognition is made difficult by their multiple features (since they contain a large amount of information), variability, and extreme sensitivity on the context. Examples are human faces, voices, and fingerprints (biometrics), handwritten cursive words and numbers, patterns and symptoms in medical diagnosis, patterns in apparently uncorrelated scientific data (data mining), chaotic and stochastic time series, political and social events.
It is necessary to formulate algorithms for recognizing every type of pattern, whatever is their context. The steps of pattern recognition are
1. data acquisition by instruments;
2. selection of the features (a k-dimensional vector represents the pattern if k is the number of selected characteristics);
3. application of an algorithm for the classification step.
In the literature [11, 12], there are different examples of algorithms that have been proposed, such as statistical, structural, or based on artificial neural networks. All of them still suffer from universality and effectiveness. 
This difficulty in describing and recognizing variable patterns constitutes a third type of Complexity that we might name as Descriptive Complexity (DeC). DeC of a variable pattern is related to the Effective Complexity of an entity, defined as the length of a highly compressed description of its regularities [13]. Effective Complexity is context-dependent as the features of any variable pattern. Further work is needed to merge these two types of Complexity. 

5. PREDICTIVE POWER OF SCIENCE
The third reason why we find difficulties in predicting the behavior of Complex Systems is that the predictive power of science has intrinsic limitations [4].
As far as the microscopic world is concerned, the Heisenberg Uncertainty Principle holds. It declares the impossibility of determining, accurately and simultaneously, position and momentum of a microscopic particle. The Uncertainty Principle places limits to the deterministic dream of describing the dynamics of the entire universe, starting from the description of its microscopic particles.
We might feel satisfied by describing Complex Systems from the macroscopic point of view, neglecting their ultimate atomic constituents. However, Complex Systems can exhibit chaotic dynamics. Chaotic dynamics are aperiodic and extremely sensitive to the initial conditions. Since the determination of the initial conditions is always affected by uncertainties and unavoidable experimental errors, the chaotic dynamics are unpredictable in the long term by definition.
Science is said to be exact not because it is based on infinitely exact data, but because its rigorous methodology allows estimating the extent of the uncertainty associated with any quantitative determination.

6. ETHICAL ISSUES
The limited predictive power of science makes many ethical issues highly disputable. The relentless technological innovations push humanity on the edge of always new ethical problems and debates. The ethical problems sprout from a fundamental question: “Is always fair to do what technology makes doable?” It is a tormenting question that has accompanied humanity from the beginning. Suffice to think about the myth of Prometheus or the novel “Frankenstein” by Mary Shelley.
Nowadays, technology can manipulate, reshape, and re-engineer life. Therefore, new bio-ethical issues arise. There are bioethical issues that regard the beginning of a new life. Examples are: “Is it fair to manipulate embryonic stem cells?”; “Is it fair to originate genetically modified organisms?” 
Other bioethical issues concern about suffering and the end of life. Examples are: “Is euthanasia fair? What about the therapeutic obstinacy?”
Finally, there are new technologies that can significantly enhance human intellect and physiology. “Should such enhancement technologies be used?” 
It is hard to find answers to all these questions. They regard the essence of human life in its distinct stages. But every living being is a Complex System, and we already know the substantial limitations we encounter in describing Complex Systems. The bio-ethical issues mentioned here constitute what we might call Bio-Ethical Complexity (BEC).  

7. HOW TACKLING THE XXI CENTURY CHALLENGES?
Based on what we have said so far, it is reasonable to name the challenges of this century as Complexity Challenges. They regard Natural Complexity and Bio-ethical Complexity, which are connected with Computational Complexity and Descriptive Complexity. How can we win these challenges?

7.1 Interdisciplinarity
First, we need an interdisciplinary effort [14]. Natural Complexity must be addressed by all the scientific disciplines, including the social and economic ones. In addition, philosophy helps to formulate new theories, models, and methodologies. When we tackle Bio-Ethical Complexity, we need the involvement of scientists, philosophers, and jurists, artists, and theologians. All forms of art can be beneficial in tackling the XXI century challenges. Artists guided by their personal feelings and intuitions can spark new ideas in human minds and promote the formulation of unconventional ways for reading reality.

7.2 Systemic approach and reproducibility
When we investigate Complex Systems, we cannot trust just in the reductionist approach. We also need a systemic approach to deal with emergent phenomena. From this point of view, thermodynamics is particularly valuable.
When we study Complex Systems, we cannot trust in a cornerstone of the original scientific method, which is the reproducibility of our experiments. Often, experiments regarding Complex Systems are historical events. In this regard, it is particularly effective the image that the philosopher Karl Popper has proposed in his essay titled “Of Clouds and Clocks” [15]. In the past, science had dealt with clocks, i.e., simple, deterministic systems having reproducible behaviors. Now, instead, science has to deal with clouds, i.e., Complex Systems, with unique and hardly replicable behaviors.

7.3 Supercomputers
When dealing with Complex Systems, we usually need to collect, handle, process Big Data, i.e., massive data sets. Therefore, to try to win the Complexity Challenges, we need to contrive smart methods to deal with the vast volume and the fast stream of data we collect, their variety, variability, and complexity. There are two main strategies to succeed. 
One consists in improving current electronic computers. It is urgent to speed up the computational rate and extend the memory space of our supercomputers. There is a worldwide competition, known as the TOP500 project, to continuously improve the performances of computational machines. It must be said that the simulations of the behavior of Complex Systems with electronic computers and software become alternative ways for doing experiments and testing our new theories and models.

7.4 Natural Computing
Another promising path to tackle the Complexity Challenges is the interdisciplinary research line of Natural Computing. Researchers working on Natural Computing draw inspirations from nature to propose: New algorithms; New materials and architectures to compute and store information; New methodologies, new models, and a new theory to interpret Natural Complexity. It is based on the rationale that any distinguishable physicochemical state of matter and energy can be used to encode information; every natural transformation is a kind of computation. We derive a valuable methodology from the research line of Natural Computing to describe and understand Complex Systems [16, 17]. Such methodology requires an analysis of natural phenomena at three levels. The first is the analysis at the “computational level” and consists in determining the inputs, outputs, and the computations that the system performs. The second is the analysis at the “algorithmic level” and consists in formulating algorithms that might carry out the computations defined in the previous level of analysis. Finally, the third is the analysis at the “implementation level” that consists in looking for mechanisms that can implement the algorithms.

7.5 The human journey to discovering the secrets of nature
A brand-new transdisciplinary theory on Complex Systems is expected to be formulated. It will probably have the variable information, from both the quantitative and qualitative point of view, as its cornerstone. If we look at the human journey to discover the secrets of nature, this new theory will be as revolutionary as the birth of philosophy in the sixth century BC, and the formulation and application of the experimental method in the seventeenth century AD for inquiring nature [4]. These two events split out the scientific journey into three main stages. The first stage is the period that preceded the birth of philosophy. It can be named the “Practical Period” because humans, spurred by their necessities, were particularly ingenious in making artifacts for solving practical problems. The second stage is the “Philosophical Period” because philosophers started to investigate nature and human thoughts using rigorous logical reasoning. The thorough and systematic use of experiments as a method to investigate nature began only in the 17th century AD, opening a new stage that we can name as “Experimental Period”. We are still living it. Three hundred years of really productive scientific investigation and astonishing technological development have elapsed.

8. CONCLUSION
[bookmark: _Hlk43127236]For the comprehension of Complex Systems, we most likely need a new revolutionary intellectual event. This third intellectual event will spark a new stage in the scientific journey to discovering the secrets of nature. It seems plausible that a proper name for the expected next fourth stage is the “Computational Period”. We need a new theory. This new theory should allow us to predict the emergent properties of Complex Systems. It should become evident why living beings have the unique feature of using energy and matter to encode and process information and exploit it to make decisions. The new theory will probably include the two fundamental attributes of information: the quantity, and the quality, i.e., semantics. It will probably sprout from Thermodynamics and will help in untangling Complexity and tackling the XXI Century Challenges.
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