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Abstract 
 
Living systems are subject to the arrow of time; from birth, they undergo complex transformations 
(self-organization) in a constant battle for survival, but inevitably ageing and disease trap them to 
death. Can ageing be understood and eventually reversed? What tools can be employed to further 
our understanding of ageing? The present article is an invitation for biologists and clinicians to 
consider key conceptual ideas and computational tools (known to mathematicians and physicists), 
which potentially may help dissect some of the underlying processes of ageing and disease. 
Specifically, we first discuss how to classify and analyze complex systems, as well as highlight 
critical theoretical difficulties that make complex systems hard to study. Subsequently, we 
introduce Topological Data Analysis - a novel Big Data tool – which may help in the study of 
complex systems since it extracts knowledge from data in a holistic approach via topological 
considerations. These conceptual ideas and tools are discussed in a relatively informal way to pave 
future discussions and collaborations between mathematicians and biologists studying ageing. 
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Introduction 
 
What is known, what is unknown and what are the unmet needs for ageing 
 
Ageing has fascinated humans ever since they appeared on earth (Cohen et al., 2020a). Why is this 
the case? Humans are probably the only living beings that are conscious of their own decay, and 
they realize that the end of ageing is death as a natural continuum of life. An almost invariant 
hallmark of this decay is that death is preceded by an accumulation of age-related diseases 
(Kennedy et al., 2014). If humans were immortal, then ageing would not bear the same mystery 
and fascination. Despite significant advances in science, we still don’t know what ageing is and 
consequently why humans (and other living systems) age (Fülöp et al., 2020a; Fülöp et al., 2019). 
This lack of understanding is reflected in the ageing literature, in the sense that the foundational 
knowledge on ageing is yet sketchy and even the definition of ageing has not found a consensus. 
In part, this is because scientists define ageing based upon their field of specialization, which also 
depends on their capacity to conceptualize and synthesize the complexity of empirical observations 
(Cohen et al., 2020). This lack of consensus questions whether ageing (as a proper scientific field 
of study) per se exists. Moreover, it raises doubts whether ageing questions can be well-formulated 
and if such questions are amenable to scientific methodologies, or if ultimately they are only 
used/defined by scientists to give a sense to their specific niche of research (Cohen et al., 2020b)? 
Indeed, presently several hundred theories exist, all of which attempt to define ageing.  However, 
at the current stage, it is unlikely that any of these will explain or ultimately conceptualize ageing 
(Rose et al., 2012; Lipsky et al., 2015; Cannon, 2015; da Costa et al., 2016). Also, there are so 
many aspects of ageing that none of the existing theories can integrate (and synthesize) them by 
including molecular, biological, physiological, functional, social, or psychological aspects. On the 
other hand, these uncertainties have led to the generation of data across various scales, starting 
from molecular through the cellular to the organismal level. These data exist most of the time in 
silos and serve mainly to explain correlations but not to understand the holistic causal relationship 
of the data defining ageing. However, some attempts exist to unify the ageing concept and to try to 
find a causal relationship among the different data conglomerates or pathways. We subsequently 
provide three examples, which are the most advanced ones to conceptualize ageing.  
 
The first example is the epigenetic clock, described by Horvath (Horvath, 2013). This clock 
predicts biological age and provides a collection of innate biological mechanisms that give rise to 
age-related DNA methylation changes that underlie highly accurate DNAm age estimators, and 
thus provides a tentative answer as to why we age (Horvath and Raj, 2018). This clock was derived 
via machine learning methods, notably elastic net regression (Horvath, 2013). Since then, several 
epigenetic clocks have been described (Belsky et al., 2018) with the aim to determine the biological 
age compared to the chronological age (Hannum, PhenoAge and GrimAge) (Li et al., 2020; 
Moskalev, 2020). The second example is the dysregulation concept of Cohen et al. (Milot et al., 
2014; Cohen et al., 2015), which employs a more theoretical approach to computation (e.g. 
statistical distance, DM, Principal Component Analysis) to explain the complexity of ageing. There 
is now clear evidence that physiological dysregulation--the gradual breakdown in the capacity of 
complex regulatory networks to maintain homeostasis--is an emergent property of these regulatory 
networks, and that it plays an essential role in ageing. It can be measured merely using small 
numbers of biomarkers (Cohen, 2016; Mitnitski et al., 2017; Chmielewski, 2020). The third and 
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most recent example can be called the multi-level process of ageing, which is being led by the 
research group of Franceschi (Whitwell et al., 2020). In this approach biological ageing is 
considered as a complex process involving multiple biological processes, which can be understood 
theoretically by considering them as an individual network (e.g. epigenetic networks, cell-cell 
networks, and population genetics). Mathematical modelling (e.g. via multi-layer networks (Kivelä 
et al., 2014)) allows the combination of such networks so that they may be studied as a whole, to 
better understand how the so-called "seven pillars of ageing" combine (Kennedy et al., 2014). This 
approach also has the potential of generating hypotheses for treating ageing as a condition at 
relatively early biological ages (Whitwell et al., 2020). These examples highlight the unmet need 
for more advanced computational tools to further dissect the complexity of ageing from the 
multitude of data sets gathered during these last decades (Zhavoronkov et al., 2019). Ideally, these 
tools should treat ageing data as a problem (and in a holistic sense), extract causalities, explain the 
data mechanistically and ultimately define targets for ageing interventions (Zhavoronkov et al., 
2019). 
 
Several recent attempts have been put forward recently to determine the different components of 
the biology of ageing, recognizing that indeed aging is a multicomponent complex process. For 
instance, the nine hallmarks of ageing by the group of Kroemer (López-Otín et al., 2013) has been 
proposed. These hallmarks are conceptualized by noting that ageing is led by molecular and 
physiological deregulation and the subsequent appearance of pathological consequences such as 
diabetes, cancer, cardiovascular diseases. Specifically, the hallmarks are genomic instability, 
telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, 
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular 
communication (López-Otín et al., 2013). Moreover, these studies have tried to define some of the 
components of these hallmarks but most of these are at a phenomenological level. Thus, this 
remains very descriptive and does not preclude any causality, and even the interaction and 
interconnection between these hallmarks are conjectural only. Moreover, no hierarchy has been 
established adequately among these hallmarks in the sense to provide causal interactions to 
generate a holistic/global/integrated response of the entire organism during aging. The ultimate aim 
was indeed to find targets for intervention to cure/modulate/influence or reverse ageing to avoid or 
at least decrease the emergence of the above-mentioned age-related diseases. In this sense, ageing 
is considered a disease that requires a cure primarily to decrease the burden of age-related diseases 
(Bulterijs et al. 2015), however considering all biological aspects of aging it appears that ageing 
cannot be considered as a disease (Fülöp et al., 2019).  
 
This view has been adopted and refurbished by the so-called geroscience, which clearly 
conceptualizes ageing as a pathological phenomenon that should be controlled to decrease age-
related chronic diseases (Kennedy et al., 2014). Moreover, geroscience conceptualizes ageing by 
the interaction of the seven pillars such as metabolism, epigenetics, inflammation, adaptation to 
stress, proteostasis, stem cells and regeneration, macromolecular damage. These are somehow 
more broad processes than that defined by the nine hallmarks, but most probably there are many 
overlapping between the two classifications. At least the aim is the same, which is to use ageing as 
a target to decrease age-associated diseases and prolong health span. While this is an important 
goal, the hallmarks/pillars classification will only enable the derivation of methods that intervene 
separately on individual hallmarks since most interactions currently considered are usually pair-
wise (and not genuinely causal) and thus holistic interventions on ageing (and associated emergent 
processes) are likely to fail.  
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Furthermore, it is crucial to stress that many of these hallmarks/pillars are mainly derived from 
animal models of ageing. However, this is now quite accepted that none of these models alone may 
not represent entirely human ageing either because of the longevity or the complexity or the 
environmental stresses (Wagner, 2017, Hugenholtz and de Vos2018; Maynard and Weinkove, 
2018, Bair et al. 2019). As such, it is possible that the described hallmarks/pillars are simply the 
surrogate of the specific animal models/pathways even if they are presented as universal underlying 
biological phenomena across the whole animal kingdom.  
 
Yet another problem is that the hallmarks/pillars are only rarely related to the dynamic 
physiological or functional aspects of ageing (Belsky et al., 2018) even if there are some attempts 
to connect to physiology in view of better determining the mortality (Li et al., 2020). Thus, it is 
almost impossible to state what is the potential impact of these models on the ageing of humans, 
and in the best-case scenario, these may only serve as surrogate data to assess/capture the dynamic 
and holistic nature of aging. Even longitudinal studies have so far failed to answer these crucial 
concerns. As a biological process and as much as it can exist if there is no physiological or 
functional repercussion, ageing per se may be just an adaptation to the passage of time, as was 
recently suggested e.g. for immunological changes (Franceschi et al., 2017; Fülöp et al., 2018, 
Fülöp et al. 2020b). For example, grey hair may represent an “ageing” phenomenon, but it has no 
real consequences except that probably cell senescence is the underlying process. In contrast, the 
decrease of the hepatic blood flow which occurs with ageing, probably ultimately due to 
mitochondrial dysregulation (metabolic, oxidative, inflammatory), is not measured and rarely 
considered, yet it may have serious consequences on detoxification. Thus, ageing is one of the most 
intriguing processes that humans ought to understand through life since what can be phenotypically 
observed as ageing is not necessarily associated with the real complex mechanisms of ageing. In 
other words, we can observe chronological age, but we cannot yet dissect the underlying biological 
processes of ageing that occur along time. Human data related to some dynamic functional 
processes should, therefore, be acquired in order to unravel the importance of these processes for 
ageing. Furthermore, one could determine in this way the biological age of individuals. Indeed, the 
above-mentioned epigenetic clock tried to fill this gap (Horvath, 2013; Horvath and Raj, 2018). 
Another widespread approach to ageing is its consideration as only a deleterious process given that 
it is inevitably resulting in death. However, many phenomena that are described, measured, or 
considered as related to ageing may be simply adaptative processes designed to optimize the 
functioning of the organism at a specific moment and circumstance of life related to some 
evolutionary necessity (Franceschi et al., 2017; Fülöp et al., 2018). Until now, all described 
hallmarks are considered to some extent as causes of ageing however they cannot be considered as 
a priori deleterious and being targeted for intervention to “rejuvenate” the system since their effect 
are not determined from the viewpoint of species or individuals’ evolution. In the immune system, 
the best example is the activation state of the innate immune system with ageing, called 
inflammaging (Franceschi et al., 2017) but, in contrast, may also be considered as an evolutionary 
defence mechanism against repetitive challenges from both outside and inside in order to support 
a better readiness of the organism (Fülöp et al., 2016). As long as we cannot fully understand this 
phenomenon in the complexity of the immune response changes related to ageing, we cannot really 
decide what the role of this resting overactivation is, and how we should intervene if any 
intervention is necessary. 
Thus, until now many data have been gathered at various levels, but no efficient tools exist that are 
able to conceptualize in a causal manner all these processes, either molecular or cellular, tightly 
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linked to physiological or clinical data. Interdisciplinary researchers and clinicians should closely 
collaborate to address and hopefully answer the following key questions: “What is the meaning of 
these basic hallmarks of ageing on the physiological/clinical performance of the older subjects? 
And would targeting them change something in the trajectory of an older individual subject for a 
better healthspan?” Addressing these key challenges will be the foundation of precision medicine 
for older subjects. A thorough understanding of ageing thus implies an integrative, complex 
systems framework where lower-level mechanisms can have direct impacts (e.g. mutations causing 
cancer or cellular senescence), or indirect impacts via higher-level processes (e.g. impacts of 
inflammation on atherosclerosis). Higher levels of organization can also have their own 
independent mechanisms. This framework would help explain the diversity of ageing patterns 
across the tree of life, with both “public” and “private” mechanisms (Fülöp et al. 2019; Martin, 
1989). Furthermore, this approach may also help to decipher health as the already mentioned 
mechanisms at various physiological levels (from molecular to organismal) may instruct of the 
deviation/variation/dynamics occurring in aging. Thus, the holistic and causal integration of the 
mechanisms/causes in a hierarchical concept would help to unravel a more complex overarching 
concept which is “health”.  Indeed, an integrative conceptualization of health is also badly needed, 
and the unraveling of the aging mechanisms may fundamentally contribute to this higher-level 
conceptualization of health (Sholl and Rattan, 2020).   
We should acknowledge that numerous attempts exist to use artificial intelligence (AI) tools with 
the aim to better understand and conceptualize the complexity and emergent nature of ageing. Yet 
it seems that they still catch only the fragments of the causes of the whole dynamic ageing process. 
So far, AI tools still face the crucial limitation that they can be trained, but cannot truly understand, 
and thus may inadvertently be trained on the wrong phenomenon (Mitchell, 2020). Thus, 
developing and using new AI tools are crucially needed to deeply understand the causal relationship 
of the many data gathered on ageing, with the overarching goal to be able to understand the 
quintessence of ageing and consequently modulate it in a holistic manner.  
 
Can ageing be understood? 

Living cells (about 30 trillion in humans) are complex systems that encompass anatomical 
structures, information maintained by DNA, bioenergetics and information processing mediated 
by multi-omic subcellular and cellular machinery. For example, mitochondria within a cell exhibit 
what can only be called social behavior (Picard and Sandi, 2020). A disruption of the underlying 
cellular mechanisms contributes to ageing and diseases. A timely and significant question is 
whether it is possible to fully explain or dissect the biological processes of ageing from multi-omics 
data and other relevant biological markers? An affirmative answer to this question has far-reaching 
medical implications and the tantalizing prospect of partially reversing ageing and diseases that 
result from ageing. However, this question rapidly encounters non-trivial scientific hurdles, since 
biological structures and processes of living organisms are emergent and strongly coupled across 
different spatio-temporal scales (i.e. from microscale to macroscale) (Dumont and Prakash, 2014). 
By emergent, we mean that a macroscopic property (structure or process) is not merely the sum of 
its microscopic properties (e.g. water can be in the liquid state and can wet a cloth, but a single 
water molecule has no such macroscopic property). In the case of ageing, one is interested in 
explaining the macroscopic phenotypes in terms of the measured microscopic data (e.g. omics). 
Moreover, by strong coupling between scales, we mean that there are feedback coupling loops 
between scales (mostly unknown) in such a way that emergent properties (multiscale information) 
induce changes onto the microscopic properties and vice versa. As a consequence, dissecting 
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biological processes, in particular, those associated with ageing, into building blocks and studying 
these building blocks separately (i.e. via the traditional scientific reductionist method) is bound to 
fail. Novel scientific methods, particularly those that have a holistic (in the sense of systems 
biology) approach, are necessary to make sense of complex systems. These ideas, and in particular 
the extent to which one can dissect a complex system, are best understood in the context of a 
classification process, developed within the field of theoretical physics. A given system can be of 
one of the four types: Strong reduction, Supervenience, Contextual emergence, Radical emergence 
(see Fig. 1) (Butterfield, 2011; Bishop and Atmanspacher 2006; Bishop and Ellis 2020). 

 

Figure 1. Classification map of physical and biological systems from theoretical physics and philosophy of science point of view. 
There are mainly four types of systems, which are classified based on the amount of information available at the microscale to 
explain the macroscopic observations. For the case of ageing in biological systems, the class is unknown, but the aim is to describe 
the macroscopic observations of ageing in terms of the microscopic biological mechanisms.  

 

The simplest class is the so-called strong reduction, in which a system can be fully dissected into 
building blocks. This is only possible if at the microscopic scale the system contains necessary and 
sufficient conditions (these rigorously expressed mathematically) to explain the macroscopic 
properties of the system. Ultimately, these conditions permit to dissect the system and explain it in 
terms of its elementary building blocks (i.e. the system is the sum of its parts). Examples within 
this class are thermodynamic closed systems, such as a container containing gas, where the external 
application of temperature (or manipulation of any thermodynamic parameters) leads to changes 
of the macroscopic state of the system to either gas, liquid or solid (see Fig 2, Panel A).  These 
macroscopic states (and associated dynamics) can be fully understood (mathematically) in terms 
of the microscopic atomic activity. This understanding is possible due to the existence of necessary 
and sufficient physical and mathematical conditions (discovered in the field of Mathematical-
Physics), namely: Boltzmann’s Propagation of molecular chaos, zeroth law of thermodynamics 
and so-called Kubo-Martin Schwinger (KMS) states (Ehrenfest and Ehrenfest, 2002; Gottlieb, 
2002; Villani, 2002; Haag et al., 1967; Kubo, 1957; Martin and Schwinger, 1959). We shall not 
delve into the technical details of these conditions, but the intuitive idea is that the interactions 
between the gas particles are elastic and dissipate (memoryless) and so the effect of each particle 
on the overall gas is negligible. As a consequence, it is possible to coarse grain and average (i.e. 
via a statistical distribution) the activity across various scales. This idea leads to the derivation of 
a macroscopic time-evolution equation and thermodynamic observables (i.e. functions that depend 
on thermodynamic variables: pressure, volume, temperature, Avogadro constant), which predict 
respectively, the time dynamics of the system and state phase transitions or tipping points (e.g. 
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changes for solid to liquid). Noteworthy, the macroscopic equation encodes a statistical distribution 
(specifically Maxwell-Boltzmann distribution) of atomic particles and the ultimate reason as to 
why it is possible to explain the macroscopic properties from the microscopic ones is because there 
is a one-to-one mapping between the five parameters of the distribution and five known 
conservation laws of physics. Changes between states (e.g. solid, liquid and gas) occur because the 
energy landscape and microscopic cloud of atoms radically reorganize (i.e. the overall topology or 
configuration of atoms in the space of possible positions and velocities change, see Fig 2. Panel B) 
as the thermodynamic parameter(s) vary. Under these radical changes, thermodynamic 
observables, exhibit a singularity (sharp changes; see Fig 2. Panel B). Moreover, the ageing process 
of such closed systems is fully described by the second law of Thermodynamics, which states that 
the entropy of the system always increases (see Fig 2. Panel B).  
 
The second class, supervenience, corresponds to systems whereby the microscopic scale only 
contains sufficient conditions to explain macroscopic properties. The third class, contextual 
emergence, corresponds to systems in which the microscopic scale contains only necessary 
conditions to explain macroscopic properties. An interesting example of contextual emergence lies 
in the relation between topology and phase transitions in theoretical physics. In fact, under certain 
conditions, a topological change in the configuration space of a Hamiltonian system emerges as 
necessary conditions for the occurrence of phase transitions, but not sufficient (Franzosi and 
Pettini, 2004).  The last class, radical emergence, are systems without sufficient and necessary 
conditions at the microscopic scale, and thus the macroscopic properties are purely emergent and 
impossible to explain. Presently, there is no consensus to which class life (biological systems) 
belongs to; see Fig 2. Panel B. These are open systems (e.g. cells interact with the external world 
and extract energy via the ATP system), thus conservation of laws of physics do not apply (at least 
at the microscale). Moreover, there are strong coupling across different spatio-temporal scales, and 
some processes seem emergent, then it makes it hard to study. However, the scientific hope is that 
these complex systems are mixed, either supervenient and/or contextual emergent, which would 
provide a basis to study life and ageing with some level of mathematical and scientific rigour. 
Examples associated to supervenience, contextual emergence and radical emergence are beyond 
the context of the current manuscript since the mathematical and physical conditions are still being 
worked for complex systems. However, some these systems may include certain classes of 
quantum systems, biological systems (e.g. the ability to program cells into stem cells) and in the 
extreme case the emergence of the Universe (perhaps being an example of Radical emergence). 
A fundamental question is whether we can develop scientific tools that could shed light onto 
complex systems (Holovatch et al., 2017; Salnikov et al., 2018), even if it is only partially? The 
subsequent section discusses a novel Big Data tool, the so-called Topological Data Analysis 
(Carlsson, 2009; Rabadàn and Blumberg, 2019; Wasserman, 2018), which has the potential to 
substantially advance our understanding of complex systems (Petri et al., 2013), namely, in the 
context of the present manuscript, to ageing and diseases. 
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Figure 2. Strong reduction systems vs complex systems. A: depicts an example of a strong reduction system. The traditional point 
of view of the scientific approach is that systems can be broken up into micro building blocks and then the assembling of it provides 
an explanation of the entire system. This approach has been successful in explaining many physical systems, such as the depicted 
example of a closed thermodynamic system of a gas contained within a container. The macroscopic states of matter (solid, liquid, 
gas) can be predicted by dynamic equations and functions, which explain how the building blocks interact. B. Phase transitions of 
states of matter can also be predicted by rapid changes observed from thermodynamic functions (singularities), transitions in the 
energy functions in undergoing phase transitions. This processed is induced by necessary topological changes of the configuration 
of particles in the space of position and velocities. The ageing of these closed systems is simply described by Entropy. C: In contrast, 
the biological systems are complex, where some emergent features (or phenotypes) may not just be a sum of the building blocks. 
This occurs when there are strong feedback and coupling across spatial-temporal scales of the systems. Therefore, the class of 
biological systems is yet unknown. 

 
 
Topological Data Analysis: A novel tool to study complex systems 
 
Topological Data Analysis (TDA) is a relatively novel and revolutionary Big Data method, with 
origins in pure mathematics (Hatcher, 2002) and which has been recently further developed in 
applied fields, e.g. physics and computer science (Carlsson, 2009; Wasserman, 2018). In contrast 
to existing AI (Artificial Intelligence) (LeCun et al., 2013) and Big Data tools (Sagiroglu et al., 
2013) that determine numerical summaries/patterns (yet do not take into account causality), TDA 
extracts knowledge from data in the form of shapes (technically topological invariants) and non-
trivial relations between shapes. Specifically, it extracts from noisy multiscale high-dimensional 
data the intrinsic global structural shape (holistic descriptor) of a complex system (Blevins and 
Bassett, 2020). Since TDA has a rigorous theoretical foundation, it is ideally suited for extracting 
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complex causal interactions across spatio-temporal scales and consequently has the potential to 
establish non-trivial relations between microscale and macroscopic emergent processes. Thus, 
TDA has the potential of extending our knowledge of living systems and, in the context of the 
present manuscript, dissect (to some degree) the processes underlying ageing and associated 
diseases. The effectiveness of TDA has been shown in several applications, including biological 
and clinical data (Rabadán and Blumberg, 2019). To cite a few examples: 1. TDA applied to a 
database featuring multi-omics data of type-2 diabetes patients, discovered a third unknown form 
of diabetes (Li et al., 2015); 2. Applied to malaria medical records featuring transcriptome data and 
phenotypes like temperature, parasite density, etc., it tracked disease progression and characterized 
resilient patients (Torres et al., 2016); 3. Applied to clinical data of Asthma patients featuring 
physiological and inflammatory parameters it discovered key endotypes (Hinks et al., 2015; Hinks 
et al., 2016). As a consequence, it is envisaged that TDA will become a fundamental method for 
precision medicine. 
To make sense of TDA, it is first important to note that measured data has an intrinsic shape 
(technically, it has a topology). This concept is exemplified in Fig. 3 (Panel A), where scattered 
data (i.e. point cloud, a distributed discrete collection of data points) encodes a pattern from which 
we may wish to decode and synthesize mathematically. However, there are infinitely many ways 
in which data can be distributed, and this raises the question of whether there exists a general 
algorithm for extracting these mathematical patterns? Traditional data analytical approaches 
implement specific algorithms to extract specific patterns within data, which are often sub-optimal 
(Torres et al., 2020). To illustrate this point, consider the following two examples: 1. If the data is 
scattered along a line, then a regression method that fits a line (i.e. a functional relationship between 
variables) is applied. The approach (algebraic modelling) is only suited for systems with low 
degrees of freedom (i.e. small number of variables, parameters and simple relationships). 
Moreover, algebraic fitting requires a high degree of approximations. This means the degree of 
understanding that the scientist extracts from the model (explanation of the mechanism behind the 
data) degrades for complex data. Moreover, this approach always requires an initial hypothesis (a 
kind of supervised analysis). 2. If the data is scattered into clusters, then a suitable clustering 
algorithm can be used. Unfortunately, there are many clustering algorithms due to the necessity of 
optimizing an objective function of some kind and, as a consequence, none of these works so well 
since there are no known optimal objective function. Beyond these two examples data can be 
distributed in more arbitrary ways (e.g. circle, flaring or more complicated ways), thus one quickly 
realizes that deriving a new algorithm for each data set is not tenable. Recently, Big Data and AI 
approaches (e.g. machine learning and network theory) attempt to address some of these 
deficiencies (e.g. unsupervised learning), but unfortunately these solutions are only partial and are 
unable to determine causal relations (e.g. machine learning) (Baker et al., 2018). TDA overcomes 
these deficiencies in four steps as follows: 1. It first defines what is meant by shape by equating it 
to topology rather than geometry (see Fig. 3 Panel B). Topological objects are those that are 
invariant (or remain unchanged) under continuous deformations/stresses (i.e. elastic deformation 
like a rubber band that is stretched but not torn apart). For example, consider a coffee mug (see Fig 
3 panel B), which has one hole in the handle of the mug. Consider also a table plate, which has no 
hole. These two objects are topologically different since it is impossible to continuously deform 
(elastically) a coffee mug and transform it into a table plate (and vice versa). However, it is possible 
to continuously deform a coffee mug into a torus (e.g. donut) since both objects have a hole. Thus, 
these objects are Topologically the same because they have the same invariant, in particular, the 
same number of holes. To make this point clear, see the second example (see Fig 3 panel B). 
Although the two bowls have the same geometric appearance, they are topologically different 
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because one of the bowls has numerous holes. Thus, it is impossible to continuously deform one 
into the other. 2. Second, TDA notes that a complex system can be associated with a global 
structure (global shape or global topological object, technically called simplicial complex) 
(Salnikov et al., 2018). This structure encodes data that can be decomposed into canonical patterns 
(canonical topological objects, technically called simplices); see Fig 3 Panel C. In analogy, these 
canonical topological objects can be seen as the basic constituents of a system, such as atoms within 
the periodic table (in chemistry), or the fundamental musical chords from which any music can be 
composed. The simplest canonical object is a single data point (denoted the 0-simplex). 
Subsequently, a pair-wise relation between two data points is denoted a 1-simplex. The study of 1-
simplices is essentially network or graph theory. That is, graph theory is often built upon pair-wise 
relations only (Battiston et al., 2020)! The next level of complexity, the 2-simplex, determines the 
case when three data points are simultaneously participating in a causal relationship, from which 
emerges a new object (represented as the face of a triangle). An example of such a scenario is the 
emergence of a chemical clock/oscillations when three chemical compounds interact (i.e. Iodine, 
Thiosulfate and Triiodide); other forms of oscillations could be found in the neural context 
(Desroches et al., 2016). Clearly, the 2-simplex is already beyond the standard network and graph 
theory! Higher-order simplices (n-simplex) (Lambiotte et al., 2019; Millán et al., 2020; Salnikov 
et al., 2018) follow the same rationale, which is to represent the emergence of novel higher-order 
objects (see Fig. 3 Panel C). Finally, an arbitrary simplicial complex (i.e. a global topological 
object) can be formed by combining suitable simplices (see Fig. 3 Panel C). 3. Crucially, 
topological objects (i.e. simplices or simplicial complex) satisfy three fundamental properties, 
namely, Coordinate Invariant, Deformation Invariant, and Compressed representation (Carlsson, 
2009) (see Fig. 4 Panel A) and have an associated unique signature, technically, topological 
invariance (see Fig. 4 Panel B). Coordinate invariant means that the topological properties of the 
data are independent of the coordinate system. This property is in contrast to a large class of Big 
Data techniques (e.g. Principal Component Analysis). Deformation invariant is a by-product of the 
aforementioned definition of a topological object, which states that they are invariant (or remain 
unchanged) under continuous deformations (i.e. elastic deformation like a rubber band that is 
stretched but not torn apart). This property makes TDA robust to noise, in the sense that small 
perturbations of the data will not change the underlying topological properties of the object encoded 
within the data (Blevins and Bassett, 2020). Compressed representation means that a given 
topological object can be represented by a minimal number of data points, as long as the data points 
do not change the topology of the object. A topological invariant is a unique signature or measure 
that quantifies the underlying pattern (topological object) within the data. The idea of topological 
invariance can simply be understood via the example shown in Fig. 4 Panel B. As shown, the four 
platonic solids (tetrahedron, octahedron, cube, icosahedron) and a sphere, although possessing 
different geometries, are essentially the same topological object (i.e. one can deform elastically one 
into another and indeed the four platonic solids are compressed representations of the sphere). The 
equivalence between these objects is quantified via the Euler characteristic (in its simpler form 
equates to vertices – edges + faces; see Fig. 4 Panel B), which provides the topological invariance. 
To clarify, consider the Tetrahedron, which has 4 vertices (i.e. the data points), 6 edges (relation 
between data points), 4 faces (higher-order relations); the corresponding Euler characteristic is 2. 
Equally, applying the Euler characteristic’s formula to the octahedron, the cube or the icosahedron, 
also yields in Euler characteristics equal to 2. Moreover, the sphere also has a Euler characteristic 
of 2. This can be understood by the alternative formula in Fig. 4 Panel B, which counts the number 
of holes (in the case of a sphere it is zero). Alternatively, one can imagine a sphere being cut in 
half through a great circle that goes through the north and south pole (i.e. 2 vertices), which forms 
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two meridians (i.e. 2 edges) and split the surface of the earth into two half-spheres (i.e. 2 faces). 
Therefore, the Euler characteristic is indeed 2. This short exercise emphasizes the importance of 
identifying topological invariances within data (a fundamental signature), which gives us 
confidence about the underlying pattern within data even under noise perturbations. In the 
exercised example, adding or removing data points (i.e. noise perturbations) to the sphere will only 
result into either a smoother sphere or a platonic solid, all of these having the same invariant 
measure, hence equivalent. More generally, the Euler characteristic is an alternating sum of 
simplices or, equivalently, holes (see Fig. 4 Panel B). Consequently, a given simplicial complex is 
a composition of its constituent building blocks (e.g. simplices and holes) quantified by the Euler 
characteristic (see example in Fig. 4 Panel B). Simplicial complexes are in a way discrete analog 
of multidimensional surfaces. Since surfaces have multidimensional holes, simplicial complexes 
also do so (Zomorodian, 2005). 4. The fourth and final step develops a computational machinery 
to search (or extract) simplicial complexes from a distributed discrete collection of data points. 
There are different methods and approaches in TDA, to name a few, Persistent homology, Reeb 
Graphs, Mapper algorithm (Singh et al., 2007; Geniesse et al., 2019). Herein we will only discuss 
the method of Persistent homology since it is general enough to have an idea of TDA and has 
successfully been applied to biological data. The first step in persistent homology is to consider a 
similarity measure between data points (e.g. correlation, causality measures, synchronization 
measures, etc.). The appropriate choice of the similarity measure will depend on the data. At this 
level the experience (and knowledge) of the scientist collecting the data (e.g. clinician or biologist) 
is valuable as it will critically guide an exchange of information (and collaboration) with experts 
in TDA. Subsequently, the emergence of simplicial complexes within the data follows a procedure 
(algorithm) called Filtration (see Fig. 4 Panel C), which consists of the following: Take as input a 
point cloud (a discrete collection of data points) and for each data point consider a ball of radius 
ε (defined with respect to the chosen similarity measure), centered at this data point. Subsequently, 
continuously increase the radius (ε) and monitor the intersections between the different balls. For 
every intersection between n-balls, create an n-simplex (see Fig. 4 Panel C). As the radius (ε) 
further increases, it generates a nested sequence of simplicial complexes for which the associated 
Euler characteristic (or any other topological property) is computed (e.g. all types of holes are 
counted in accordance to the general formula shown in see Fig. 4 Panel B). Since the counting (e.g. 
of each type of hole) is performed for every radius (ε) along the generated sequence of simplicial 
complexes, a convenient way to represent this counting process is via the so-called barcodes (see 
Fig. 4 Panel C) (Ghrist, 2008). Specifically, a barcode (with finite length) represents the 
emergence, persistence and disappearance of a given hole along a filtration process and the set of 
barcodes encodes the entire topological signature of the data. The longest barcodes (those the 
persist the longest, therefore robust) are considered the true topological features of the data, and 
the short ones represent noise within the data. The advantage of Persistent homology is threefold: 
1. The set of barcodes is a complete topological invariant, meaning that it captures all the 
topological information of a filtration (i.e. a meta signature of the data across scales); 2.  It is 
computationally efficient; 3. It has stability properties, meaning that small perturbation of the data 
produces small perturbation of the real topological invariant. Indeed, small holes are usually 
associated with noise, while big holes are considered to be real; hence, small pertubartions does 
not change the big holes much. Finally, TDA can be used in combination with other Big Data 
methods, should further processing be required. That is, the topological invariants can be further 
processed for example with machine learning and statistical methods (Bergomi et al., 2019).  
 
Topological Data Analysis of ageing data 
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To the best of our knowledge, TDA has not been applied to the research field of ageing, although 
it has been applied in other biological contexts (e.g. omics data) (Rabadán and Blumberg, 2019). 
Therefore, this opens a unique opportunity to add TDA to the arsenal of methods, which in tandem 
would unveil unforeseen information within the complex high-dimensional spatio-temporal ageing 
data. Some TDA methods (e.g. persistent homology) are computationally efficient and scalable 
and thus it is ideally suited for extracting topological invariants (e.g. associated to evolutionary 
conserved mechanisms) in longitudinal ageing data across a population. Moreover, it has the 
potential to identify differences among patients, since TDA would associate. e.g., a barcode to each 
patient. Indeed, conserved mechanisms and differences can be studied by well-defined distance 
measures for barcodes. To achieve this, we propose the TDA computational pipeline as shown in 
Fig 5. Panel A and a suitable similarity measure will have to be carefully developed. The pipeline 
will input clinically relevant state-of-the-art ageing data (e.g. high-throughput multi-omics) 
together with other unknown biomarkers and clinical phenotypes of single patients or of a 
population. Subsequently, the TDA machinery will render a sequence of simplicial complexes (and 
topological invariants) across scales. This has potential to unveil topological relationships across 
multi-omics, other relevant biomarkers and clinical phenotypes. Moreover, based on recent 
theoretical extensions of TDA, the topological phase transitions (tipping points, also referred to as 
bifurcations in other contexts (Desroches et al., 2013; Rodrigues et al., 2016)) within the data can 
potentially be detected (Amorim et al., 2020; Santos et al., 2009; Santos et al., 2014; Santos et al., 
2017; Santos et al., 2019); see Fig 5 panel B. We will not delve into the details of the theoretical 
machinery that enables the extraction these topological phase transitions in complex systems, 
however, it has some analogy with phase transitions described of strong reduction systems. As a 
consequence, ageing evolution and transition (as well as disease evolution and transition) points 
could be tracked via topological invariants, which would result in an ageing map (see Fig 5 panel 
B). The envisaged map has the potential of predicting trajectories of healthy ageing as well as 
mechanistically explaining multiscale biological mechanisms, phase transitions from healthy 
ageing and suggest treatments. Ultimately, the goal achievable by TDA will be to understand the 
shape of ageing and age-related diseases. 
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Figure 3. A: In general data has an intrinsic shape (pattern) that encodes useable information. Different methods have been 
developed but somewhat limited. Thus, the question is if there is a more general way to mine useable information. B: There is a 
difference between Geometry and Topology (although they are related). Geometry is concerned with lengths and angles, while 
topology is concerned with shapes that remain invariant under elastic deformation. C: Topological objects (simplicial complexes) 
are constructive and built from building blocks called simplices. Simplices in general represent higher order relations (e.g. 
emergent properties). For example, 2-simplex is the face a triangle, which explains the emergence of a chemical clock after mixing 
three chemical elements (i.e. data points).  
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�

<latexit sha1_base64="tdxkybj8huRbfAnM0+CN45nOc18=">AAAB7HicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLsrunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N0zSIrwMXDufcy733+DGjUlnWh1HY2Nza3inulvb2Dw6PyscnPRklAhMXRywSAx9JwignrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSkjvCVOBxuWJVrQzmX2LnpAI5uuPy+2gS4SQkXGGGpBzaVqy8FAlFMSPL0iiRJEZ4jqZkqClHIZFemh27NC+0MjGDSOjiyszU7xMpCqVchL7uDJGayd/eSvzPGyYqaHkp5XGiCMfrRUHCTBWZq8/NCRUEK7bQBGFB9a0mniGBsNL5lLIQ7JrjNG39e7vddpr1NbHqra8QerWq3ai2bxuVzlUeRxHO4BwuwQYHOnADXXABA4UHeIJngxuPxovxum4tGPnMKfyA8fYJ+aaPGQ==</latexit>

•

<latexit sha1_base64="wmiu0AxPunZUq/fHtT9TgLb4G/I=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4GjKd1unsim5cVrAPaIeSSdM2NJMZkoxQhn6EGxeKuPV73Pk3ptMKKh4IHM65l9xzwoQzpRH6tAobm1vbO8Xd0t7+weFR+fiko+JUEtomMY9lL8SKciZoWzPNaS+RFEchp91wdrP0uw9UKhaLez1PaBDhiWBjRrA2UncQppxTPSxXkF33G67bgDlxqp4hV8hFrg8dG+WogDVaw/LHYBSTNKJCE46V6jso0UGGpWaE00VpkCqaYDLDE9o3VOCIqiDLz13AC6OM4DiW5gkNc/XnRoYjpeZRaCYjrKfqr7cU//P6qR43goyJJNVUkNVH45RDHcNldjhikhLN54ZgIpm5FZIplpho01ApL8EE9+qOye77vld3VwSZWr5L6FRtp2b7d7VK83pdRxGcgXNwCRzggSa4BS3QBgTMwCN4Bi9WYj1Zr9bbarRgrXdOwS9Y718nq5Bt</latexit>

�

<latexit sha1_base64="tdxkybj8huRbfAnM0+CN45nOc18=">AAAB7HicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLsrunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N0zSIrwMXDufcy733+DGjUlnWh1HY2Nza3inulvb2Dw6PyscnPRklAhMXRywSAx9JwignrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSkjvCVOBxuWJVrQzmX2LnpAI5uuPy+2gS4SQkXGGGpBzaVqy8FAlFMSPL0iiRJEZ4jqZkqClHIZFemh27NC+0MjGDSOjiyszU7xMpCqVchL7uDJGayd/eSvzPGyYqaHkp5XGiCMfrRUHCTBWZq8/NCRUEK7bQBGFB9a0mniGBsNL5lLIQ7JrjNG39e7vddpr1NbHqra8QerWq3ai2bxuVzlUeRxHO4BwuwQYHOnADXXABA4UHeIJngxuPxovxum4tGPnMKfyA8fYJ+aaPGQ==</latexit>

•

<latexit sha1_base64="wmiu0AxPunZUq/fHtT9TgLb4G/I=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4GjKd1unsim5cVrAPaIeSSdM2NJMZkoxQhn6EGxeKuPV73Pk3ptMKKh4IHM65l9xzwoQzpRH6tAobm1vbO8Xd0t7+weFR+fiko+JUEtomMY9lL8SKciZoWzPNaS+RFEchp91wdrP0uw9UKhaLez1PaBDhiWBjRrA2UncQppxTPSxXkF33G67bgDlxqp4hV8hFrg8dG+WogDVaw/LHYBSTNKJCE46V6jso0UGGpWaE00VpkCqaYDLDE9o3VOCIqiDLz13AC6OM4DiW5gkNc/XnRoYjpeZRaCYjrKfqr7cU//P6qR43goyJJNVUkNVH45RDHcNldjhikhLN54ZgIpm5FZIplpho01ApL8EE9+qOye77vld3VwSZWr5L6FRtp2b7d7VK83pdRxGcgXNwCRzggSa4BS3QBgTMwCN4Bi9WYj1Zr9bbarRgrXdOwS9Y718nq5Bt</latexit>

�

<latexit sha1_base64="tdxkybj8huRbfAnM0+CN45nOc18=">AAAB7HicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLsrunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N0zSIrwMXDufcy733+DGjUlnWh1HY2Nza3inulvb2Dw6PyscnPRklAhMXRywSAx9JwignrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSkjvCVOBxuWJVrQzmX2LnpAI5uuPy+2gS4SQkXGGGpBzaVqy8FAlFMSPL0iiRJEZ4jqZkqClHIZFemh27NC+0MjGDSOjiyszU7xMpCqVchL7uDJGayd/eSvzPGyYqaHkp5XGiCMfrRUHCTBWZq8/NCRUEK7bQBGFB9a0mniGBsNL5lLIQ7JrjNG39e7vddpr1NbHqra8QerWq3ai2bxuVzlUeRxHO4BwuwQYHOnADXXABA4UHeIJngxuPxovxum4tGPnMKfyA8fYJ+aaPGQ==</latexit>

•

<latexit sha1_base64="wmiu0AxPunZUq/fHtT9TgLb4G/I=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4GjKd1unsim5cVrAPaIeSSdM2NJMZkoxQhn6EGxeKuPV73Pk3ptMKKh4IHM65l9xzwoQzpRH6tAobm1vbO8Xd0t7+weFR+fiko+JUEtomMY9lL8SKciZoWzPNaS+RFEchp91wdrP0uw9UKhaLez1PaBDhiWBjRrA2UncQppxTPSxXkF33G67bgDlxqp4hV8hFrg8dG+WogDVaw/LHYBSTNKJCE46V6jso0UGGpWaE00VpkCqaYDLDE9o3VOCIqiDLz13AC6OM4DiW5gkNc/XnRoYjpeZRaCYjrKfqr7cU//P6qR43goyJJNVUkNVH45RDHcNldjhikhLN54ZgIpm5FZIplpho01ApL8EE9+qOye77vld3VwSZWr5L6FRtp2b7d7VK83pdRxGcgXNwCRzggSa4BS3QBgTMwCN4Bi9WYj1Zr9bbarRgrXdOwS9Y718nq5Bt</latexit>

�

<latexit sha1_base64="tdxkybj8huRbfAnM0+CN45nOc18=">AAAB7HicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLsrunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N0zSIrwMXDufcy733+DGjUlnWh1HY2Nza3inulvb2Dw6PyscnPRklAhMXRywSAx9JwignrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSkjvCVOBxuWJVrQzmX2LnpAI5uuPy+2gS4SQkXGGGpBzaVqy8FAlFMSPL0iiRJEZ4jqZkqClHIZFemh27NC+0MjGDSOjiyszU7xMpCqVchL7uDJGayd/eSvzPGyYqaHkp5XGiCMfrRUHCTBWZq8/NCRUEK7bQBGFB9a0mniGBsNL5lLIQ7JrjNG39e7vddpr1NbHqra8QerWq3ai2bxuVzlUeRxHO4BwuwQYHOnADXXABA4UHeIJngxuPxovxum4tGPnMKfyA8fYJ+aaPGQ==</latexit>

•

<latexit sha1_base64="wmiu0AxPunZUq/fHtT9TgLb4G/I=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4GjKd1unsim5cVrAPaIeSSdM2NJMZkoxQhn6EGxeKuPV73Pk3ptMKKh4IHM65l9xzwoQzpRH6tAobm1vbO8Xd0t7+weFR+fiko+JUEtomMY9lL8SKciZoWzPNaS+RFEchp91wdrP0uw9UKhaLez1PaBDhiWBjRrA2UncQppxTPSxXkF33G67bgDlxqp4hV8hFrg8dG+WogDVaw/LHYBSTNKJCE46V6jso0UGGpWaE00VpkCqaYDLDE9o3VOCIqiDLz13AC6OM4DiW5gkNc/XnRoYjpeZRaCYjrKfqr7cU//P6qR43goyJJNVUkNVH45RDHcNldjhikhLN54ZgIpm5FZIplpho01ApL8EE9+qOye77vld3VwSZWr5L6FRtp2b7d7VK83pdRxGcgXNwCRzggSa4BS3QBgTMwCN4Bi9WYj1Zr9bbarRgrXdOwS9Y718nq5Bt</latexit>

�

<latexit sha1_base64="tdxkybj8huRbfAnM0+CN45nOc18=">AAAB7HicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLsrunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N0zSIrwMXDufcy733+DGjUlnWh1HY2Nza3inulvb2Dw6PyscnPRklAhMXRywSAx9JwignrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSkjvCVOBxuWJVrQzmX2LnpAI5uuPy+2gS4SQkXGGGpBzaVqy8FAlFMSPL0iiRJEZ4jqZkqClHIZFemh27NC+0MjGDSOjiyszU7xMpCqVchL7uDJGayd/eSvzPGyYqaHkp5XGiCMfrRUHCTBWZq8/NCRUEK7bQBGFB9a0mniGBsNL5lLIQ7JrjNG39e7vddpr1NbHqra8QerWq3ai2bxuVzlUeRxHO4BwuwQYHOnADXXABA4UHeIJngxuPxovxum4tGPnMKfyA8fYJ+aaPGQ==</latexit>

•

<latexit sha1_base64="wmiu0AxPunZUq/fHtT9TgLb4G/I=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4GjKd1unsim5cVrAPaIeSSdM2NJMZkoxQhn6EGxeKuPV73Pk3ptMKKh4IHM65l9xzwoQzpRH6tAobm1vbO8Xd0t7+weFR+fiko+JUEtomMY9lL8SKciZoWzPNaS+RFEchp91wdrP0uw9UKhaLez1PaBDhiWBjRrA2UncQppxTPSxXkF33G67bgDlxqp4hV8hFrg8dG+WogDVaw/LHYBSTNKJCE46V6jso0UGGpWaE00VpkCqaYDLDE9o3VOCIqiDLz13AC6OM4DiW5gkNc/XnRoYjpeZRaCYjrKfqr7cU//P6qR43goyJJNVUkNVH45RDHcNldjhikhLN54ZgIpm5FZIplpho01ApL8EE9+qOye77vld3VwSZWr5L6FRtp2b7d7VK83pdRxGcgXNwCRzggSa4BS3QBgTMwCN4Bi9WYj1Zr9bbarRgrXdOwS9Y718nq5Bt</latexit>

�

<latexit sha1_base64="tdxkybj8huRbfAnM0+CN45nOc18=">AAAB7HicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLsrunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N0zSIrwMXDufcy733+DGjUlnWh1HY2Nza3inulvb2Dw6PyscnPRklAhMXRywSAx9JwignrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSkjvCVOBxuWJVrQzmX2LnpAI5uuPy+2gS4SQkXGGGpBzaVqy8FAlFMSPL0iiRJEZ4jqZkqClHIZFemh27NC+0MjGDSOjiyszU7xMpCqVchL7uDJGayd/eSvzPGyYqaHkp5XGiCMfrRUHCTBWZq8/NCRUEK7bQBGFB9a0mniGBsNL5lLIQ7JrjNG39e7vddpr1NbHqra8QerWq3ai2bxuVzlUeRxHO4BwuwQYHOnADXXABA4UHeIJngxuPxovxum4tGPnMKfyA8fYJ+aaPGQ==</latexit>

•

<latexit sha1_base64="wmiu0AxPunZUq/fHtT9TgLb4G/I=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4GjKd1unsim5cVrAPaIeSSdM2NJMZkoxQhn6EGxeKuPV73Pk3ptMKKh4IHM65l9xzwoQzpRH6tAobm1vbO8Xd0t7+weFR+fiko+JUEtomMY9lL8SKciZoWzPNaS+RFEchp91wdrP0uw9UKhaLez1PaBDhiWBjRrA2UncQppxTPSxXkF33G67bgDlxqp4hV8hFrg8dG+WogDVaw/LHYBSTNKJCE46V6jso0UGGpWaE00VpkCqaYDLDE9o3VOCIqiDLz13AC6OM4DiW5gkNc/XnRoYjpeZRaCYjrKfqr7cU//P6qR43goyJJNVUkNVH45RDHcNldjhikhLN54ZgIpm5FZIplpho01ApL8EE9+qOye77vld3VwSZWr5L6FRtp2b7d7VK83pdRxGcgXNwCRzggSa4BS3QBgTMwCN4Bi9WYj1Zr9bbarRgrXdOwS9Y718nq5Bt</latexit>

�

<latexit sha1_base64="tdxkybj8huRbfAnM0+CN45nOc18=">AAAB7HicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLsrunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N0zSIrwMXDufcy733+DGjUlnWh1HY2Nza3inulvb2Dw6PyscnPRklAhMXRywSAx9JwignrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSkjvCVOBxuWJVrQzmX2LnpAI5uuPy+2gS4SQkXGGGpBzaVqy8FAlFMSPL0iiRJEZ4jqZkqClHIZFemh27NC+0MjGDSOjiyszU7xMpCqVchL7uDJGayd/eSvzPGyYqaHkp5XGiCMfrRUHCTBWZq8/NCRUEK7bQBGFB9a0mniGBsNL5lLIQ7JrjNG39e7vddpr1NbHqra8QerWq3ai2bxuVzlUeRxHO4BwuwQYHOnADXXABA4UHeIJngxuPxovxum4tGPnMKfyA8fYJ+aaPGQ==</latexit>

Sodium

<latexit sha1_base64="hKfNB96sOIkO8Qc2P19HDCtJiz0=">AAAB+HicbVDLSsNAFJ34rPXRqEs3wSK4KklrSbMrunFZ0T6gDWUynbRDJw9mbsQa+iVuXCji1k9x5984TYP4OnDhcM693HuPF3MmwTQ/tJXVtfWNzcJWcXtnd6+k7x90ZJQIQtsk4pHoeVhSzkLaBgac9mJBceBx2vWmFwu/e0uFZFF4A7OYugEeh8xnBIOShnppAPQOpJ9eRyOWBPOhXjYrZgbjL7FyUkY5WkP9fTCKSBLQEAjHUvYtMwY3xQIY4XReHCSSxphM8Zj2FQ1xQKWbZofPjROljAw/EqpCMDL1+0SKAylngac6AwwT+dtbiP95/QT8hpuyME6AhmS5yE+4AZGxSMEYMUEJ8JkimAimbjXIBAtMQGVVzEKwqrZdt9TvjuPY9dqSmLXGVwidasU6qzhX1XLzPI+jgI7QMTpFFrJRE12iFmojghL0gJ7Qs3avPWov2uuydUXLZw7RD2hvn7W+lBI=</latexit>

polyacrylate

<latexit sha1_base64="qd7LpEqWv6Mtu3q8Sr1P3nFAgxs=">AAAB/nicbVDJSgNBEO2JW4zbqHjyMhgET2EmMSS5Bb14jGAWSELo6dQkTXoWumvEYQj4K148KOLV7/Dm39hZELcHBY/3qqiq50aCK7TtDyOzsrq2vpHdzG1t7+zumfsHLRXGkkGThSKUHZcqEDyAJnIU0IkkUN8V0HYnlzO/fQtS8TC4wSSCvk9HAfc4o6ilgXnUQ7hD5aVRKBLKZCIownRg5u2CPYf1lzhLkidLNAbme28YstiHAJmgSnUdO8J+SiVyJmCa68UKIsomdARdTQPqg+qn8/On1qlWhpYXSl0BWnP1+0RKfaUS39WdPsWx+u3NxP+8boxetZ/yIIoRArZY5MXCwtCaZWENuQSGItFEv871rRYbU0kZ6sRy8xCcYqVSdvTvtVqtUi4tiF2qfoXQKhac80LtupivXyzjyJJjckLOiEMqpE6uSIM0CSMpeSBP5Nm4Nx6NF+N10ZoxljOH5AeMt0/JZJb2</latexit>

Water

<latexit sha1_base64="7iJpBqjGKOzvF/YjAh4NaEE3dfo=">AAAB9XicbVDJTgJBEO3BDXFDPXqZSEw8kRmQwNyIXjxiIksCSHqaGujQs6S7RiUT/sOLB43x6r94829sYGLcXlLJy3tVqarnRoIrtKwPI7Oyura+kd3MbW3v7O7l9w9aKowlgyYLRSg7LlUgeABN5CigE0mgviug7U4u5n77FqTiYXCN0wj6Ph0F3OOMopZuegj3qLykTRHkbJAvWEVrAfMvsVNSICkag/x7bxiy2IcAmaBKdW0rwn5CJXImYJbrxQoiyiZ0BF1NA+qD6ieLq2fmiVaGphdKXQGaC/X7REJ9paa+qzt9imP125uL/3ndGL1aP+FBFCMEbLnIi4WJoTmPwBxyCQzFVBPKJNe3mmxMJWU6A5VbhGCXqtWKrX93HKdaKS+JVa59hdAqFe2zonNVKtTP0ziy5Igck1Nikyqpk0vSIE3CiCQP5Ik8G3fGo/FivC5bM0Y6c0h+wHj7BGxfk2k=</latexit>

Examples in chemistry (emergent behavior)

<latexit sha1_base64="TxlUfynqh7Vp8Lia9CPU6i+F4cQ="></latexit>

(phase transition)

<latexit sha1_base64="8mYOMM6FnkAUskV8FfRWHOLhCI4="></latexit>

(clock)

<latexit sha1_base64="pMzaz7vsN3111m56/jo1cYiqYfI=">AAAB+XicbVDLSgNBEJyN7/ha9ehlMAh6CTOJcZNb0IvHCEaFJITZyawZMvtgplcMS/7EiwdFvPon3vwbZ5OADyxoKKq66e7yEyUNEPLpFBYWl5ZXVteK6xubW9vuzu61iVPNRZvHKta3PjNCyUi0QYISt4kWLPSVuPFH57l/cy+0kXF0BeNE9EJ2F8lAcgZW6rtuF8QDmCA74irmo+NJ3y2RMiGEUopzQr1TYkmjUa/QOqa5ZVFCc7T67kd3EPM0FBFwxYzpUJJAL2MaJFdiUuymRiSMj9id6FgasVCYXja9fIIPrTLAQaxtRYCn6s+JjIXGjEPfdoYMhuavl4v/eZ0Ugnovk1GSgoj4bFGQKgwxzmPAA6kFBzW2hHEt7a2YD5lmHGxYxWkItOJ5NTr9veHVqjNCqt8hXFfK9KTcuKyUmmfzOFbRPjpAR4giDzXRBWqhNuLoHj2iZ/TiZM6T8+q8zVoLznxmD/2C8/4FDjKUPg==</latexit>

(chemical oscillator)

<latexit sha1_base64="cT7VOZ7uVdCWbnj+1H4oNSWllUo="></latexit>

Thiosulfate

<latexit sha1_base64="D+TZOEBsaqHRQ90LqiMFkgGZZcw=">AAAB/XicbVDJSgNBEO2JW4xbXG5eBoPgKcwkhiS3oBePEbJBEkJPpyZp0rPQXSPGIfgrXjwo4tX/8Obf2JkEcXtQ8Hiviqp6Tii4Qsv6MFIrq2vrG+nNzNb2zu5edv+gpYJIMmiyQASy41AFgvvQRI4COqEE6jkC2s7kcu63b0AqHvgNnIbQ9+jI5y5nFLU0yB71EG5RuXFjzAMVCZcizAbZnJW3Eph/ib0kObJEfZB97w0DFnngIxNUqa5thdiPqUTOBMwyvUhBSNmEjqCrqU89UP04uX5mnmplaLqB1OWjmajfJ2LqKTX1HN3pURyr395c/M/rRuhW+jH3wwjBZ4tFbiRMDMx5FOaQS2AopppQJrm+1WRjKilDHVgmCcEulMslW/9erVbLpeKCWMXKVwitQt4+z1evC7naxTKONDkmJ+SM2KRMauSK1EmTMHJHHsgTeTbujUfjxXhdtKaM5cwh+QHj7RO+a5Zb</latexit>

Iodine

<latexit sha1_base64="vE6XUQSBw/ewvFprp7flUUMjOQo=">AAAB+HicbVDLSsNAFJ34rPXRqEs3wSK4KklrSbMrutFdBfuANpTJdNIOnTyYuRFr6Je4caGIWz/FnX/jNA3i68CFwzn3ztx7vJgzCab5oa2srq1vbBa2its7u3slff+gI6NEENomEY9Ez8OSchbSNjDgtBcLigOP0643vVj43VsqJIvCG5jF1A3wOGQ+IxiUNNRLA6B3IP30KhqpJ+ZDvWxWzAzGX2LlpIxytIb6+2AUkSSgIRCOpexbZgxuigUwwum8OEgkjTGZ4jHtKxrigEo3zRafGydKGRl+JFSFYGTq94kUB1LOAk91Bhgm8re3EP/z+gn4DTdlYZwADcnyIz/hBkTGIgVjxAQlwGeKYCKY2tUgEywwAZVVMQvBqtp23VK3O45j12tLYtYaXyF0qhXrrOJcV8vN8zyOAjpCx+gUWchGTXSJWqiNCErQA3pCz9q99qi9aK/L1hUtnzlEP6C9fQKPiJP5</latexit>

Triiodide

<latexit sha1_base64="Yotm9TnXNTm2Itb8jqQIG5OmI0w=">AAAB+3icbVDJSgNBEO1xjXGL8ehlMAiewkximOQW9OIxQjZIQujpqUma9Cx010jCkF/x4kERr/6IN//GzoK4PSh4vFdFVT03FlyhZX0YG5tb2zu7mb3s/sHh0XHuJN9WUSIZtFgkItl1qQLBQ2ghRwHdWAINXAEdd3Kz8Dv3IBWPwibOYhgEdBRynzOKWhrm8n2EKSo/bUrOI497MB/mClbRWsL8S+w1KZA1GsPce9+LWBJAiExQpXq2FeMgpRI5EzDP9hMFMWUTOoKepiENQA3S5e1z80IrnulHUleI5lL9PpHSQKlZ4OrOgOJY/fYW4n9eL0G/Okh5GCcIIVst8hNhYmQugjA9LoGhmGlCmeT6VpONqaQMdVzZZQh2yXEqtv69Vqs5lfKKWOXqVwjtUtG+KtbuSoX69TqODDkj5+SS2MQhdXJLGqRFGJmSB/JEno258Wi8GK+r1g1jPXNKfsB4+wQAGpVc</latexit>

Cerium sulfate

<latexit sha1_base64="/6c7BnVypaYKc4Pfq9z+rUFgrwE=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEInsJMYkhyC+biMYJZIAmhp1OTNOlZ6K4Rw5CLv+LFgyJe/Qxv/o2dBXF7UPB4r4qqem4khUbb/rBWVtfWNzZTW+ntnd29/czBYVOHseLQ4KEMVdtlGqQIoIECJbQjBcx3JbTccW3mt25BaREGNziJoOezYSA8wRkaqZ857iLcofaSGigR+1TH0mMI034ma+fsOehf4ixJlixR72feu4OQxz4EyCXTuuPYEfYSplBwCdN0N9YQMT5mQ+gYGjAfdC+ZPzClZ0YZUC9UpgKkc/X7RMJ8rSe+azp9hiP925uJ/3mdGL1yLxFBFCMEfLHIiyXFkM7SoAOhgKOcGMK4EuZWykdMMY4ms/Q8BCdfKhUd83ulUikVCwtiF8pfITTzOeciV7nOZ6uXyzhS5IScknPikBKpkitSJw3CyZQ8kCfybN1bj9aL9bpoXbGWM0fkB6y3T7Lll2o=</latexit>

So
di
um

br
om

at
e

<latexit sha1_base64="kAwPzk6lnMifKlEMCdb3Pgj0vaI=">AAACAHicbVDLSgNBEJz1GeMr6sGDl8EgeAq7UUlyC3rxGNEkQhLC7KQ3GZzdWWZ6xbDk4q948aCIVz/Dm3/j5IH4Kmgoqrrp7vJjKQy67oczN7+wuLScWcmurq1vbOa2thtGJZpDnSup9LXPDEgRQR0FSriONbDQl9D0b87GfvMWtBEqusJhDJ2Q9SMRCM7QSt3cbhvhDk2QXqqeSELqaxUyhFE3l3cL7gT0L/FmJE9mqHVz7+2e4kkIEXLJjGl5boydlGkUXMIo204MxIzfsD60LI1YCKaTTh4Y0QOr9GigtK0I6UT9PpGy0Jhh6NtOe93A/PbG4n9eK8Gg3ElFFCcIEZ8uChJJUdFxGrQnNHCUQ0sY18LeSvmAacbRZpadhOAVS6UTz/5eqVRKJ0dT4h6Vv0JoFAvecaFyUcxXT2dxZMge2SeHxCMlUiXnpEbqhJMReSBP5Nm5dx6dF+d12jrnzGZ2yA84b5+2SZds</latexit>

M
alonic

acid

<latexit sha1_base64="yHVEfCtPIZktTVy96TNvw4YFLNs=">AAAB/nicbVBNS8NAEN3Ur1q/quLJy2IRPJWktbS9Fb14ESrYVmhD2Ww37dLNJuxOxBIK/hUvHhTx6u/w5r9xmxbx68HA470ZZuZ5keAabPvDyiwtr6yuZddzG5tb2zv53b22DmNFWYuGIlQ3HtFMcMlawEGwm0gxEniCdbzx+czv3DKleSivYRIxNyBDyX1OCRipnz/oAbsD7SeXRISSU0woH0z7+YJdtFPgv8RZkAJaoNnPv/cGIY0DJoEKonXXsSNwE6KAU8GmuV6sWUTomAxZ11BJAqbdJD1/io+NMsB+qExJwKn6fSIhgdaTwDOdAYGR/u3NxP+8bgx+zU24jGJgks4X+bHAEOJZFnjAFaMgJoYQqri5FdMRUYSCSSyXhuCUqtWKY36v1+vVSnlO7HLtK4R2qeicFutXpULjbBFHFh2iI3SCHFRFDXSBmqiFKErQA3pCz9a99Wi9WK/z1oy1mNlHP2C9fQLK55ZR</latexit>

Sulfuric acid

<latexit sha1_base64="fX2itTXOurVb1zK6mjgl3WUCa08=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEInsJMYkjmFvTiMaJZIBlCT09P0qRnobtGDGMO/ooXD4p49Te8+Td2FsTtQcHjvSqq6rmx4ApM88PILC2vrK5l13Mbm1vbO/ndvZaKEklZk0Yikh2XKCZ4yJrAQbBOLBkJXMHa7uh86rdvmFQ8Cq9hHDMnIIOQ+5wS0FI/f9ADdgvKT68S4SeSU0wo9yb9fMEsmjPgv8RakAJaoNHPv/e8iCYBC4EKolTXMmNwUiKBU8EmuV6iWEzoiAxYV9OQBEw56ez+CT7Wiof9SOoKAc/U7xMpCZQaB67uDAgM1W9vKv7ndRPwa07KwzgBFtL5Ij8RGCI8DQN7XDIKYqwJoZLrWzEdEkko6MhysxCsUrVasfTvtm1XK+U5Mcu1rxBapaJ1WrQvS4X62SKOLDpER+gEWaiK6ugCNVATUXSHHtATejbujUfjxXidt2aMxcw++gHj7RPLaJbl</latexit>

(physical element)

<latexit sha1_base64="NyShar66oVArCBJOELm/p0eONw8="></latexit>

Topological object: simplicial complex

<latexit sha1_base64="8AtoQJfFcQ8fUFCvD3d196hT4/k="></latexit>

Combination of simplices

<latexit sha1_base64="/fq/JqQEgw3qTn0zlHTZB4RE/sM="></latexit>

=

<latexit sha1_base64="MovKsz2en5hnrShyNBUt/F1CauY=">AAAB/HicbVDLSgMxFM34rPVV7dJNsAiuykxraWchFN24rGAf0JaSSTNtaOZBckcchvorblwo4tYPceffmE4H8XXgcg/n3EtujhMKrsA0P4yV1bX1jc3cVn57Z3dvv3Bw2FFBJClr00AEsucQxQT3WRs4CNYLJSOeI1jXmV0u/O4tk4oH/g3EIRt6ZOJzl1MCWhoVigNgd6DcJO2Om5zP56NCySybKfBfYmWkhDK0RoX3wTigkcd8oIIo1bfMEIYJkcCpYPP8IFIsJHRGJqyvqU88poZJevwcn2hljN1A6vIBp+r3jYR4SsWeoyc9AlP121uI/3n9CNzGMOF+GAHz6fIhNxIYArxIAo+5ZBRErAmhkutbMZ0SSSjovPJpCFalXq9Z+u+2bddr1SUxq42vEDqVsnVWtq8rpeZFFkcOHaFjdIosVEdNdIVaqI0oitEDekLPxr3xaLwYr8vRFSPbKaIfMN4+AfD6lec=</latexit>

(C) Building blocks of topological objects (simplicial complexes)

<latexit sha1_base64="kInyK3HdT0E5lxFckKm4D4dDfRY="></latexit>

Same topology, di↵erent geometry

<latexit sha1_base64="+Nz/OA7n3NBzptM4hfZ4nIebT0M="></latexit>

Same geometry, di↵erent topology

<latexit sha1_base64="3PK6MWO9X4BR+RNUqzzbkeLMbBY="></latexit>

(B) Topology vs Geometry

<latexit sha1_base64="duouLdMNqmukwQMkDK8sxLFRDYY="></latexit>

(A) Data has shapes

<latexit sha1_base64="F96HNY4Dtriuvc1mVOteI//ZEJc="></latexit>
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Figure 4. A: Three fundamental properties of Topology. B: Platonic solids have the same topological invariance as a sphere. 
Specifically, for the above examples we have the following. Tetrahedron has 4 vertices, 6 edges and 4 faces, which equates to 
Euler Characteristic (EC) = 2. An Octahedron has 6 vertices, 12 edges and 8 faces, hence EC=2. A cube has 8 vertices, 12 edges and 
6 faces, hence EC=2. A Dodecahedron has 20 vertices, 30 edges and 12 faces, hence EC=2. Equally the Sphere has EC = 2. The Euler 
characteristics of a simplicial complex is also constructive as shown in the example. C: Persistent homology is one important TDA 
algorithm that mines topological patterns from data and the algorithm uses a process called filtration of point clouds. The filtration 
consists in positioning balls with centre at the data points and with a certain radius (defined with respect to some similarity 
measure) and continuously expand these balls (i.e. increment the radius). The intersection of the balls generates simplicial 
complexes and the topological invariances can be tracked with barcodes. 

 
 

Coordinate invariant

<latexit sha1_base64="xObisg4o5aO5ubAyj+dIlzOUdUE="></latexit>

Deformation invariant

<latexit sha1_base64="9DEDfMh00AHXtV+Q5yZFMTWsy90="></latexit>

Compressed representation

<latexit sha1_base64="iPsKmg8gr7/wOsghs7P5JJpPCzE="></latexit>

(A) Properties of Topology

<latexit sha1_base64="GFrL/pq9pnpdlphPNTFoqNveuxg="></latexit>

(B) Topological invariance in shapes

<latexit sha1_base64="FipI7i+fNmZdSmyzfAIB7m1nmSI="></latexit>

(� = 2)

<latexit sha1_base64="QsfhwpOwtNxCFhehVcB3YXQCbp4=">AAAB83icbVDLagIxFM3Yl7Uv2y67CdWC3UgyakcXBaGbLi3UBzgimRg1mHmQZAoy+BvddNFSuu3PdNe/aUaFPuiBC4dz7uXee7xIcKUR+rQyG5tb2zvZ3dze/sHhUf74pKPCWFLWpqEIZc8jigkesLbmWrBeJBnxPcG63uwm9bsPTCoeBvd6HrGBTyYBH3NKtJHcYsmlUw6voX1ZHOYLqIwQwhjDlGDnChnSaNRtXIc4tQwKYI3WMP/hjkIa+yzQVBCl+hhFepAQqTkVbJFzY8UiQmdkwvqGBsRnapAsb17AC6OM4DiUpgINl+rPiYT4Ss19z3T6RE/VXy8V//P6sR7XBwkPolizgK4WjWMBdQjTAOCIS0a1mBtCqOTmVkinRBKqTUy5ZQjYdpwaXv7ecGqVFUGV7xA6dhlXy407u9CsruPIgjNwDkoAAwc0wS1ogTagIAKP4Bm8WLH1ZL1ab6vWjLWeOQW/YL1/AZ3fkGA=</latexit>

Example

"1

<latexit sha1_base64="khQ05U4a7/QEULL/9OBSlVHkH7M=">AAACA3icbVDLSsNAFJ3UV62vqDvdBIvgqiR9kGZXdOOygn1AE8pkMmmHTh7MTAolFNz4K25cKOLWn3Dn3zhJg/g6MMzhnHu59x43poQLXf9QSmvrG5tb5e3Kzu7e/oF6eNTnUcIQ7qGIRmzoQo4pCXFPEEHxMGYYBi7FA3d2lfmDOWacROGtWMTYCeAkJD5BUEhprJ7YbkQ9vgjkl9pzyHDMCZWOsRyrVb2m59D+EqMgVVCgO1bfbS9CSYBDgSjkfGTosXBSyARBFC8rdsJxDNEMTvBI0hAGmDtpfsNSO5eKp/kRky8UWq5+70hhwLM1ZWUAxZT/9jLxP2+UCL/tpCSME4FDtBrkJ1QTkZYFonmEYSToQhKIGJG7amgKGURCxlbJQzDqptky5O2WZZmtxorojfZXCP16zWjWrJtmtXNZxFEGp+AMXAADmKADrkEX9AACd+ABPIFn5V55VF6U11VpSSl6jsEPKG+fPqOY2Q==</latexit>

"2

<latexit sha1_base64="fXjFn2IIe4s6Zwgh7+dY3BRKWzM=">AAACA3icbVDLSsNAFJ3UV62vqDvdBIvgqiR9kGZXdOOygn1AE8pkMmmHTh7MTAolFNz4K25cKOLWn3Dn3zhJg/g6MMzhnHu59x43poQLXf9QSmvrG5tb5e3Kzu7e/oF6eNTnUcIQ7qGIRmzoQo4pCXFPEEHxMGYYBi7FA3d2lfmDOWacROGtWMTYCeAkJD5BUEhprJ7YbkQ9vgjkl9pzyHDMCZVOfTlWq3pNz6H9JUZBqqBAd6y+216EkgCHAlHI+cjQY+GkkAmCKF5W7ITjGKIZnOCRpCEMMHfS/Ialdi4VT/MjJl8otFz93pHCgGdrysoAiin/7WXif94oEX7bSUkYJwKHaDXIT6gmIi0LRPMIw0jQhSQQMSJ31dAUMoiEjK2Sh2DUTbNlyNstyzJbjRXRG+2vEPr1mtGsWTfNaueyiKMMTsEZuAAGMEEHXIMu6AEE7sADeALPyr3yqLwor6vSklL0HIMfUN4+AUAomNo=</latexit>

"3

<latexit sha1_base64="Nr3DoUg1c1Dg3huKclXwR04e1tM=">AAACA3icbVDLSsNAFJ3UV62vqDvdBIvgqiR9kGZXdOOygn1AE8pkMmmHTh7MTAolFNz4K25cKOLWn3Dn3zhJg/g6MMzhnHu59x43poQLXf9QSmvrG5tb5e3Kzu7e/oF6eNTnUcIQ7qGIRmzoQo4pCXFPEEHxMGYYBi7FA3d2lfmDOWacROGtWMTYCeAkJD5BUEhprJ7YbkQ9vgjkl9pzyHDMCZVOYzlWq3pNz6H9JUZBqqBAd6y+216EkgCHAlHI+cjQY+GkkAmCKF5W7ITjGKIZnOCRpCEMMHfS/Ialdi4VT/MjJl8otFz93pHCgGdrysoAiin/7WXif94oEX7bSUkYJwKHaDXIT6gmIi0LRPMIw0jQhSQQMSJ31dAUMoiEjK2Sh2DUTbNlyNstyzJbjRXRG+2vEPr1mtGsWTfNaueyiKMMTsEZuAAGMEEHXIMu6AEE7sADeALPyr3yqLwor6vSklL0HIMfUN4+AUGtmNs=</latexit>

"

<latexit sha1_base64="qo66c31F3Q64uso6EkKGo5XFZVc=">AAACAXicbVDLSsNAFJ3UV62vqhvBTbAIrkrSB212RTcuK9gHNKVMppN26GQmzEwKJdSNv+LGhSJu/Qt3/o2TNIivA8MczrmXe+/xQkqksqwPI7e2vrG5ld8u7Ozu7R8UD4+6kkcC4Q7ilIu+ByWmhOGOIorifigwDDyKe97sKvF7cywk4exWLUI8DOCEEZ8gqLQ0Kp64HqdjuQj0F7tzKHAoCeVsOSqWrLKVwvxL7IyUQIb2qPjujjmKAswUolDKgW2FahhDoQiieFlwI4lDiGZwggeaMhhgOYzTC5bmuVbGps+FfkyZqfq9I4aBTJbUlQFUU/nbS8T/vEGk/OYwJiyMFGZoNciPqKm4mcRhjonASNGFJhAJonc10RQKiJQOrZCGYFcajbqtb3ccp1GvrohVbX6F0K2U7VrZuamVWpdZHHlwCs7ABbBBA7TANWiDDkDgDjyAJ/Bs3BuPxovxuirNGVnPMfgB4+0TBaeYNQ==</latexit>

(C) Filtration of point clouds

<latexit sha1_base64="hTVOez50gCnBrJQ8pRsWaPZOq9U="></latexit>

Generated simplicial complexes

<latexit sha1_base64="7zZLkT+6pddl4vc4hAzWKaUVbrw="></latexit>

Barcodes

<latexit sha1_base64="nZRLSygKsjE9qhUUQCZdlooH0hA=">AAACA3icbVDJSgNBEO2JW4xb1JteBoPgKcwkhiS3EC8eI5gFkhB6OjVJk56F7hoxDAEv/ooXD4p49Se8+Td2JkHcHhT1eK+K7npOKLhCy/owUiura+sb6c3M1vbO7l52/6ClgkgyaLJABLLjUAWC+9BEjgI6oQTqOQLazuRi7rdvQCoe+Nc4DaHv0ZHPXc4oammQPeoh3KJy46Q7blynkgVDULPZIJuz8lYC8y+xlyRHlmgMsu+9YcAiD3xkgirVta0Q+zGVyJmAWaYXKQgpm9ARdDX1qQeqHyc3zMxTrQxNN5C6fDQT9ftGTD2lpp6jJz2KY/Xbm4v/ed0I3Uo/5n4YIfhs8ZAbCRMDcx6IOeQSGIqpJpRJrv9qsjGVlKGOLZOEYBfK5ZKtb69Wq+VScUGsYuUrhFYhb5/nq1eFXK2+jCNNjskJOSM2KZMauSQN0iSM3JEH8kSejXvj0XgxXhejKWO5c0h+wHj7BJo2mRM=</latexit>

Holes

<latexit sha1_base64="tXIO4lBU/I2r+dk/j2NUK3JYWVY=">AAAB9XicbVDLTgJBEJzFF+IL9ehlIzHxRHZBAtyIXjhiIkgCSGaHXpgw+8hMr0o2/IcXDxrj1X/x5t84LBvjq5JOKlXd6e5yQsEVWtaHkVlZXVvfyG7mtrZ3dvfy+wcdFUSSQZsFIpBdhyoQ3Ic2chTQDSVQzxFw7UwvFv71LUjFA/8KZyEMPDr2ucsZRS3d9BHuUblxMxCg5sN8wSpaCcy/xE5JgaRoDfPv/VHAIg98ZIIq1bOtEAcxlciZgHmuHykIKZvSMfQ09akHahAnV8/NE62MTDeQunw0E/X7REw9pWaeozs9ihP121uI/3m9CN3aIOZ+GCH4bLnIjYSJgbmIwBxxCQzFTBPKJNe3mmxCJWWog8olIdilarVi69/r9Xq1Ul4Sq1z7CqFTKtpnxfplqdA4T+PIkiNyTE6JTaqkQZqkRdqEEUkeyBN5Nu6MR+PFeF22Zox05pD8gPH2CWAVk2E=</latexit>
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Figure 5. A: proposed TDA computational pipeline to mine topological invariances in complex high-dimensional spatial-temporal 
ageing data. The analysis can be done across a heterogenous populations and the output will reveal simplicial complexes across 
scales and associated topological invariances, from which relevant clinical and biological information can be drawn. B: A 
comparison between Strong reduction system and complex systems. Recent theoretical findings show that Topological entropies 
can detect multiple phase transitions in complex data. These findings could be used to derive a map that predicts normal ageing 
and associated multiscale biological mechanisms as well as phase transitions (e.g. deviations from normal ageing). Moreover, it 
could potentially suggest ageing treatments. 

 
 
Discussion 
 
The complexity of ageing calls for novel sophisticated data analytical methods that make the fewest 
assumptions, yet extract global patterns while establishing causal links between observed and latent 
variables from multiscale ageing data sets. In recent years TDA has emerged as a powerful tool 
that meets these aforementioned criteria and therefore we encourage the scientific community 
interested in ageing to incorporate TDA as a novel toolbox in their repertoire methods. Indeed, the 
conceptual idea of TDA in analyzing data via topological means is in stark contrast to conventional 
numerical summaries made by other Big Data/AI methods, which typically make assumptions on 
the data and are typically incomplete in the way causal links are established between variables 
across scales. TDA extracts topological objects (simplicial complexes) and topological invariants 
from data, which in itself is novel information but also can be used as complementary information 
to that of numerical summaries made by other Big Data/AI methods. Thus, we expect that the 

F

<latexit sha1_base64="0haQxQO7fCFokmx03g3u5H4q4yU=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYSYLk7kFvXiMYBZIhtDT6Uma9Cx29whhyE948aCIV3/Hm39jZzKI24OCx3tVVNXzYs6kMs0PY219Y3Nru7BT3N3bPzgsHR13ZZQIQjsk4pHoe1hSzkLaUUxx2o8FxYHHac+bXS393j0VkkXhrZrH1A3wJGQ+I1hpqT/02EQqLEalslkxM6C/xMpJGXK0R6X34TgiSUBDRTiWcmCZsXJTLBQjnC6Kw0TSGJMZntCBpiEOqHTT7N4FOtfKGPmR0BUqlKnfJ1IcSDkPPN0ZYDWVv72l+J83SJTfdFMWxomiIVkt8hOOVISWz6MxE5QoPtcEE8H0rYhMscBE6YiKWQhW1bYblv7dcRy7UVsRs9b8CqFbrVj1inNTL7cu8zgKcApncAEW2NCCa2hDBwhweIAneDbujEfjxXhdta4Z+cwJ/IDx9gllh5CC</latexit>

•

<latexit sha1_base64="zwZbxgM3RsfVDQ/5KuleKTUcNzU=">AAAB7nicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLMrunFZwT6gDWUynbRDJ5MwMxFK6Ee4caGIW7/HnX/jNA3i68CFwzn3cu89fsyoVJb1YRQ2Nre2d4q7pb39g8Oj8vFJT0aJwKSLIxaJgY8kYZSTrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSUn/kJ4wRNS5XrKqVwfxL7JxUIEdnXH4fTSKchIQrzJCUQ9uKlZcioShmZFkaJZLECM/RlAw15Sgk0kuzc5fmhVYmZhAJXVyZmfp9IkWhlIvQ150hUjP521uJ/3nDRAUtL6U8ThTheL0oSJipInP1uzmhgmDFFpogLKi+1cQzJBBWOqFSFoJdc5ymrX93Xddp1tfEqre+QujVqnaj6t42Ku2rPI4inME5XIINDrThBjrQBQxzeIAneDZi49F4MV7XrQUjnzmFHzDePgGmRJAU</latexit>

•

<latexit sha1_base64="c4m0NWU/jHNl8o+a4S50p/bcPaw=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4KkkfTmdXdOOygn1AO5RMmmlDMw+SjFCGfoQbF4q49Xvc+TdmpgUfeODC4Zx7ufceLxZcaYQ+rcLG5tb2TnG3tLd/cHhUPj7pqSiRlHVpJCI58Ihigoesq7kWbBBLRgJPsL43v8n8/gOTikfhvV7EzA3INOQ+p0QbqT/yEiGYHpcrqIoQwhjDjGD7ChniOK0abkGcWQYVsEZnXP4YTSKaBCzUVBClhhjF2k2J1JwKtiyNEsViQudkyoaGhiRgyk3zc5fwwigT6EfSVKhhrv6cSEmg1CLwTGdA9Ez99TLxP2+YaL/lpjyME81CulrkJwLqCGa/wwmXjGqxMIRQyc2tkM6IJFSbhEp5CLhm202c/+7YzfqKoPp3CL1aFTeqzl2j0r5ex1EEZ+AcXAIMbNAGt6ADuoCCOXgEz+DFiq0n69V6W7UWrPXMKfgF6/0L8zqQSg==</latexit>

Treatment

<latexit sha1_base64="Qc4gSxg4E4rxUzLR4aOJM7zm5M0="></latexit>

Ageing

<latexit sha1_base64="h4A6TO3l/odwVWv2ZkYcaLRJ/cc="></latexit>

•

<latexit sha1_base64="8RcgoYP7q+Oi8xgLV0uw/HSqF50=">AAAB7nicbVDLSsNAFJ34rPVVdelmsAiuQpKmTbMrunFZwT6gDWUynbRDJ5MwMxFK6Ee4caGIW7/HnX/jpC2i4oELh3Pu5d57wpRRqSzr09jY3Nre2S3tlfcPDo+OKyenXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemFs5vC7z0QIWnC79U8JUGMJpxGFCOlpd4wzBgjalSpWqbfbDhuA1qmZXm2YxfE8dyaC22tFKiCNdqjysdwnOAsJlxhhqQc2FaqghwJRTEji/IwkyRFeIYmZKApRzGRQb48dwEvtTKGUSJ0cQWX6s+JHMVSzuNQd8ZITeVfrxD/8waZippBTnmaKcLxalGUMagSWPwOx1QQrNhcE4QF1bdCPEUCYaUTKi9DsB3Pqxe/+77v1WsrYtWa3yF0HdN2Tf/Orbau13GUwDm4AFfABh5ogVvQBh2AwQw8gmfwYqTGk/FqvK1aN4z1zBn4BeP9CwZikFY=</latexit>

Ageing

<latexit sha1_base64="umGp0IJpIGnf0m3u597Sn96E1kM="></latexit>

Pathological

<latexit sha1_base64="I7mneCgIxmI2ay5WQRfJKhJccmw="></latexit>

Death

<latexit sha1_base64="yQyg3N4SDr9JFiwL6ZRJZYZG2gU=">AAACAHicbVDLSsNAFJ3Ud31FXbhwEyyCq5K0Ss1O1IVLBauFNpTJ9KYdOnkwcyOWkI2/4saFIm79DHf+jdO0iK8DwxzOuZd77/ETwRXa9odRmpmdm19YXCovr6yurZsbm9cqTiWDJotFLFs+VSB4BE3kKKCVSKChL+DGH56O/ZtbkIrH0RWOEvBC2o94wBlFLXXN7Q7CHaogK34/yM6A4iDPu2bFrtoFrL/EmZIKmeKia753ejFLQ4iQCapU27ET9DIqkTMBebmTKkgoG9I+tDWNaAjKy4oDcmtPKz0riKV+EVqF+r0jo6FSo9DXlaFeT/32xuJ/XjvF4MjLeJSkCBGbDApSYWFsjdOwelwCQzHShDLJ9a4WG1BJGerMykUITq3ROHT07a7rNg7rE2LXj75CuK5VnYOqe3lQOT6ZxrFIdsgu2ScOaZBjck4uSJMwkpMH8kSejXvj0XgxXielJWPas0V+wHj7BCzNl7o=</latexit>

Birth

<latexit sha1_base64="yHhgDKf86+K35qUC5vsNfHh/9us=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFWSPmi7K3XjsoJ9QBvKZDpph04ezNyIJWTjr7hxoYhbP8Odf+M0DeLrwOUezrmXmXuckDMJpvmh5dbWNza38tuFnd29/QP98Kgng0gQ2iUBD8TAwZJy5tMuMOB0EAqKPYfTvjO/XPr9WyokC/wbWITU9vDUZy4jGJQ01k9GQO9AunHaHTduMwGzJBnrRbNkpjD+EisjRZShM9bfR5OARB71gXAs5dAyQ7BjLIARTpPCKJI0xGSOp3SoqI89Ku04PSAxzpUyMdxAqPLBSNXvGzH2pFx4jpr0MMzkb28p/ucNI3Abdsz8MALqk9VDbsQNCIxlGsaECUqALxTBRDD1V4PMsMAEVGaFNASrXK/XLHV7s9ms1yorYlYaXyH0yiWrWmpeV4utdhZHHp2iM3SBLFRHLXSFOqiLCErQA3pCz9q99qi9aK+r0ZyW7RyjH9DePgFJ5ZfN</latexit>

Normal

<latexit sha1_base64="4bcWfm3/7z/pkuBYhUDPHj1Dh7o=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzCThWRuQS+eJIJZIAmhp9OTNOlZ6K4RwxAv/ooXD4p49S+8+Td2JkHcHhT1eK+K7npuJLgCy/owlpZXVtfWMxvZza3tnV1zb7+pwlhS1qChCGXbJYoJHrAGcBCsHUlGfFewljs+n/mtGyYVD4NrmESs55NhwD1OCWipbx52gd2C8pK0u15yGUqfiOm0b+asvJUC/yX2guTQAvW++d4dhDT2WQBUEKU6thVBLyESOBVsmu3GikWEjsmQdTQNiM9UL0kvmOITrQywF0pdAeBU/b6REF+pie/qSZ/ASP32ZuJ/XicGr9pLeBDFwAI6f8iLBYYQz+LAAy4ZBTHRhFDJ9V8xHRFJKOjQsmkIdqFSKdv6dsdxKuXinFjF6lcIzULeLuWdq1KudraII4OO0DE6RTaqoBq6QHXUQBTdoQf0hJ6Ne+PReDFe56NLxmLnAP2A8fYJItSYRw==</latexit>

Ageing

<latexit sha1_base64="aL9F7Bx0WagMJpUBuwPBZjFznvo=">AAACAXicbVDLSsNAFJ34rPVVdSO4CRbBVUmsUrPzsXFZwbZCG8pkelMHJ5MwcyOWUDf+ihsXirj1L9z5N07TIr4OXO7hnHuZuSdIBNfoOB/W1PTM7Nx8YaG4uLS8slpaW2/qOFUMGiwWsboMqAbBJTSQo4DLRAGNAgGt4Pp05LduQGkeywscJOBHtC95yBlFI3VLmx2EW9RhlvcgzI77wGV/OOyWyk7FyWH/Je6ElMkE9W7pvdOLWRqBRCao1m3XSdDPqELOBAyLnVRDQtk17UPbUEkj0H6WXzC0d4zSs8NYmZJo5+r3jYxGWg+iwExGFK/0b28k/ue1UwwP/YzLJEWQbPxQmAobY3sUh93jChiKgSGUKW7+arMrqihDE1oxD8Hdq9UOXHO753m1g+qYONXDrxCaexV3v+Kd75ePTiZxFMgW2Sa7xCU1ckTOSJ00CCN35IE8kWfr3nq0XqzX8eiUNdnZID9gvX0C9I6YKQ==</latexit>

•

<latexit sha1_base64="zwZbxgM3RsfVDQ/5KuleKTUcNzU=">AAAB7nicbVDLSsNAFL2pr1pfVZdugkVwVZI+SLMrunFZwT6gDWUynbRDJ5MwMxFK6Ee4caGIW7/HnX/jNA3i68CFwzn3cu89fsyoVJb1YRQ2Nre2d4q7pb39g8Oj8vFJT0aJwKSLIxaJgY8kYZSTrqKKkUEsCAp9Rvr+/Hrl9++JkDTid2oREy9EU04DipHSUn/kJ4wRNS5XrKqVwfxL7JxUIEdnXH4fTSKchIQrzJCUQ9uKlZcioShmZFkaJZLECM/RlAw15Sgk0kuzc5fmhVYmZhAJXVyZmfp9IkWhlIvQ150hUjP521uJ/3nDRAUtL6U8ThTheL0oSJipInP1uzmhgmDFFpogLKi+1cQzJBBWOqFSFoJdc5ymrX93Xddp1tfEqre+QujVqnaj6t42Ku2rPI4inME5XIINDrThBjrQBQxzeIAneDZi49F4MV7XrQUjnzmFHzDePgGmRJAU</latexit>

Mapping ageing space

<latexit sha1_base64="hAtvDEHxUII2WgoI04v3R2uyu+g=">AAACD3icbVC7SgNBFJ31bXxFLW0Gg2IVdhMlphNtbAQFo4EkhNnJ3WTI7Owyc1cMS/7Axl+xsVDE1tbOv3GyCeLrwHAP577mHj+WwqDrfjhT0zOzc/MLi7ml5ZXVtfz6xpWJEs2hxiMZ6brPDEihoIYCJdRjDSz0JVz7/ZNR/voGtBGRusRBDK2QdZUIBGdopXZ+t4lwiyZIs+gH6RmLY6G6lHVhFEzMOAyH7XzBLboZ6F/iTUiBTHDezr83OxFPQlDIJTOm4bkxtlKmUXAJw1wzMWBH9+2ahqWKhWBaaXbPkO5YpUODSNunkGbq946UhcYMQt9Whgx75nduJP6XayQYHLZSoeIEQfHxoiCRFCM6Mod2hAaOcmAJ41rYv1LeY5pxtBbmMhO8UqVy4Nnbq9Vq5aA8Jm758MuEq1LR2y9WL/YLR8cTOxbIFtkme8QjFXJETsk5qRFO7sgDeSLPzr3z6Lw4r+PSKWfSs0l+wHn7BJOnne0=</latexit>

(A)

<latexit sha1_base64="w0ltc4RzfUEcG5BraDPHsIRDi+M=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkWom5K0lrS7qhuXFewD2lIm00k7dDIJMzdiCQV/xY0LRdz6He78G6dpEV8HLvdwzr3MneNFnCmw7Q9jaXlldW09s5Hd3Nre2TX39psqjCWhDRLyULY9rChngjaAAaftSFIceJy2vPHlzG/dUqlYKG5gEtFegIeC+Yxg0FLfPOwCvQPlJ2n3/CR/fjqd9s2cXbBTWH+JsyA5tEC9b753ByGJAyqAcKxUx7Ej6CVYAiOcTrPdWNEIkzEe0o6mAgdU9ZL0/Kl1opWB5YdSlwArVb9vJDhQahJ4ejLAMFK/vZn4n9eJwa/0EiaiGKgg84f8mFsQWrMsrAGTlACfaIKJZPpWi4ywxAR0Ytk0BKfoumVH/71arbrl0pzYpcpXCM1iwTkrVK+LudrFIo4MOkLHKI8c5KIaukJ11EAEJegBPaFn4954NF6M1/nokrHYOUA/YLx9AssallA=</latexit>

Simplicial complexes across scales

<latexit sha1_base64="p8tPMkgafpxPrbeWDFuBxwBD848="></latexit>

TDA for ageing

<latexit sha1_base64="1AQRbY2szq/Ip5gohCy2Hmo2F5U=">AAACCXicbVC7TgJBFJ31ifhCLW0mEhMrsgsSoMNHYYkJrwQImR1mYcLs7GbmrpFsaG38FRsLjbH1D+z8G4eFGF+nmZNz7s2Ze9xQcA22/WEtLa+srq2nNtKbW9s7u5m9/aYOIkVZgwYiUG2XaCa4ZA3gIFg7VIz4rmAtd3wx81s3TGkeyDpMQtbzyVByj1MCRupncBfYLWgvTl7Xi+uXZ9gLFCZDxuVwOu1nsnbOToD/EmdBsmiBWj/z3h0ENPKZBCqI1h3HDqEXEwWcCjZNdyPNQkLHJqBjqCQ+0704uWSKj40ySPK9QAJO1O8bMfG1nviumfQJjPRvbyb+53Ui8Mq9mMswAibpPMiLBIYAz2rBA64YBTExhFDFzV8xHRFFKJjy0kkJTr5UKjrm9kqlUioW5sQulL9KaOZzzmmucp3PVs8XdaTQITpCJ8hBJVRFV6iGGoiiO/SAntCzdW89Wi/W63x0yVrsHKAfsN4+ATrbmvc=</latexit>

Multiscale data

<latexit sha1_base64="IkY6DhQjk7B9C3BcmLdhp1TOBU4=">AAACCnicbVDLSgNBEJz1bXxFPXoZDYKnsBuVuDfBixdBwaiQhNA76dXB2QczvWJYcvbir3jxoIhXv8Cbf+NkE8RXQdNFVTczXUGqpCHX/XDGxicmp6ZnZktz8wuLS+XllTOTZFpgQyQq0RcBGFQyxgZJUniRaoQoUHgeXB8M/PMb1EYm8Sn1UmxHcBnLUAogK3XK6y3CWzJhXvQgzI8yRdIIUMi7QNDvd8oVt+oW4H+JNyIVNsJxp/ze6iYiizAmocCYpuem1M5BkxQK+6VWZjAFcQ2X2LQ0hghNOy9O6fNNq3R5mGhbMfFC/b6RQ2RMLwrsZAR0ZX57A/E/r5lRuNfOZZxmhLEYPhRmilPCB7nwrtQoSPUsAaGl/SsXV6BBkE2vVITg1er1Xc/e7vt+fXd7SNztva8QzmpVb6fqn9Qq+/4ojhm2xjbYFvNYne2zQ3bMGkywO/bAntizc+88Oi/O63B0zBntrLIfcN4+Afp6m/o=</latexit>

TDA

<latexit sha1_base64="yN8/QQn+BYz8r54q/gHWf2WuH2w=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyyCq5K0lja7ii5cVugL2lAm00k7dPJg5kYsIeCvuHGhiFu/w51/4zQt4uvA5R7OuZe5c9yIMwmm+aHlVlbX1jfym4Wt7Z3dPX3/oCPDWBDaJiEPRc/FknIW0DYw4LQXCYp9l9OuO72c+91bKiQLgxbMIur4eBwwjxEMShrqRwOgdyC9JOuul7SuLtJ0qBfNkpnB+EusJSmiJZpD/X0wCkns0wAIx1L2LTMCJ8ECGOE0LQxiSSNMpnhM+4oG2KfSSbLzU+NUKSPDC4WqAIxM/b6RYF/Kme+qSR/DRP725uJ/Xj8Gr+4kLIhioAFZPOTF3IDQmGdhjJigBPhMEUwEU7caZIIFJqASK2QhWOVarWqpv9u2XatWFsSs1L9C6JRL1nnJvikXG/Yyjjw6RifoDFmohhroGjVRGxGUoAf0hJ61e+1Re9FeF6M5bblziH5Ae/sENPmWjg==</latexit>

Cloud of data points

<latexit sha1_base64="c1L3RXu7+rVnI3ZzZeZM66onNAI="></latexit>

Extraction of topological invariants

<latexit sha1_base64="RziLcQ6rZIk0MFo4HaEeee0F/WU="></latexit>

(B)

<latexit sha1_base64="egCLXiii7m4ojqK8rknWz1KNu8k=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBItQN2WmtbTdlbpxWcE+oC0lk2ba0MyD5I5YhoK/4saFIm79Dnf+jel0EF8HLvdwzr3k5jih4Aos68NYWV1b39jMbGW3d3b39s2Dw7YKIklZiwYikF2HKCa4z1rAQbBuKBnxHME6zvRy4XdumVQ88G9gFrKBR8Y+dzkloKWhedwHdgfKjZPuuHG+cT6fD82cVbAS4L/ETkkOpWgOzff+KKCRx3yggijVs60QBjGRwKlg82w/UiwkdErGrKepTzymBnFy/hyfaWWE3UDq8gEn6veNmHhKzTxHT3oEJuq3txD/83oRuNVBzP0wAubT5UNuJDAEeJEFHnHJKIiZJoRKrm/FdEIkoaATyyYh2MVKpWzrv9dqtUq5tCRWqfoVQrtYsC8Ktetirt5I48igE3SK8shGFVRHV6iJWoiiGD2gJ/Rs3BuPxovxuhxdMdKdI/QDxtsnzKGWUQ==</latexit>

Complex systems

<latexit sha1_base64="GeXc7MLonktBMiPscT3dbcZ/UN4=">AAACCnicbVDLSgNBEJz1GeMr6tHLaBA8hd2oxNyCXjwqmAckIcxOeuPgzO4y0yuGJWcv/ooXD4p49Qu8+TdONkF8FTRdVHUz0+XHUhh03Q9nZnZufmExt5RfXlldWy9sbDZMlGgOdR7JSLd8ZkCKEOooUEIr1sCUL6HpX5+O/eYNaCOi8BKHMXQVG4QiEJyhlXqFnQ7CLZogzbofpKeRiiXcUjM0CMqMRr1C0S25Gehf4k1JkUxx3iu8d/oRTxSEyCUzpu25MXZTplFwCaN8JzEQM37NBtC2NGQKTDfNThnRPav0aRBpWyHSTP2+kTJlzFD5dlIxvDK/vbH4n9dOMDjupiKME4SQTx4KEkkxouNcaF9o4CiHljCuhf0r5VdMM442vXwWgleuVI48e3u1Wq0cHUyIe3D8FUKjXPIOS9WLcrF2Mo0jR7bJLtknHqmQGjkj56ROOLkjD+SJPDv3zqPz4rxORmec6c4W+QHn7RNi4pxG</latexit>

Phase transitions

<latexit sha1_base64="OpULy2mZUt68VuXZTs4nj6q/Zxo="></latexit>

T�

<latexit sha1_base64="RsmkmDgndWieSIbLKE2D4J7o6dk=">AAAB73icbVDLSgMxFM34rPVVdekmWARXJenD6ewKblxW6AvaoWTSTBuaeZhkhDL0J9y4UMStv+POvzEzLfjAAxcO59zLvfd4seBKI/RpbWxube/sFvaK+weHR8elk9OeihJJWZdGIpIDjygmeMi6mmvBBrFkJPAE63vzm8zvPzCpeBR29CJmbkCmIfc5JdpIg844HdEZX45LZVRBCGGMYUawfY0McZxmFTchziyDMlijPS59jCYRTQIWaiqIUkOMYu2mRGpOBVsWR4liMaFzMmVDQ0MSMOWm+b1LeGmUCfQjaSrUMFd/TqQkUGoReKYzIHqm/nqZ+J83TLTfdFMexolmIV0t8hMBdQSz5+GES0a1WBhCqOTmVkhnRBKqTUTFPARcte0Gzn937EZtRVDtO4RetYLrFeeuXm456zgK4BxcgCuAgQ1a4Ba0QRdQIMAjeAYv1r31ZL1ab6vWDWs9cwZ+wXr/Apu4kKI=</latexit>

ln
|h�

(T
�
)i
|

<latexit sha1_base64="XJ7qsPcNemE+QxdOT0p/F5HTOp8="></latexit>

Strong reduction systems

<latexit sha1_base64="+AAgzSgpWm8IhaxJAQU9weMRRaQ="></latexit>

Phase transitions

<latexit sha1_base64="OpULy2mZUt68VuXZTs4nj6q/Zxo="></latexit>

S

<latexit sha1_base64="hGJsJO4EL1xRQZd7uV/3yO6CSEM=">AAAB8XicbVDLSsNAFJ3UV62vqks3wSK4KklrSbsrunFZ0T6wDWUynbRDJ5MwcyOW0L9w40IRt/6NO//GaRrE14ELh3Pu5d57vIgzBZb1YeRWVtfWN/Kbha3tnd294v5BR4WxJLRNQh7KnocV5UzQNjDgtBdJigOP0643vVj43TsqFQvFDcwi6gZ4LJjPCAYt3Q6A3oMMkuv5sFiyylYK8y+xM1JCGVrD4vtgFJI4oAIIx0r1bSsCN8ESGOF0XhjEikaYTPGY9jUVOKDKTdKL5+aJVkamH0pdAsxU/T6R4ECpWeDpzgDDRP32FuJ/Xj8Gv+4mTEQxUEGWi/yYmxCai/fNEZOUAJ9pgolk+laTTLDEBHRIhTQEu+I4NVv/3mg0nFp1Saxq/SuETqVsn5UbV5VS8zyLI4+O0DE6RTZyUBNdohZqI4IEekBP6NlQxqPxYrwuW3NGNnOIfsB4+wQ/Z5GX</latexit>

T

<latexit sha1_base64="1deKOUDV4jIY4wOLxioOdq6jVc8=">AAAB6HicbVDJSgNBEO2JW4xb1KOXxiB4CjMxYTK3oBePCWSDZAg9nUrSpmehu0cIQ77AiwdFvPpJ3vwbO5NB3B4UPN6roqqeF3EmlWl+GLmNza3tnfxuYW//4PCoeHzSlWEsKHRoyEPR94gEzgLoKKY49CMBxPc49Lz5zcrv3YOQLAzaahGB65NpwCaMEqWlVntULJllMwX+S6yMlFCG5qj4PhyHNPYhUJQTKQeWGSk3IUIxymFZGMYSIkLnZAoDTQPig3ST9NAlvtDKGE9CoStQOFW/TyTEl3Lhe7rTJ2omf3sr8T9vEKtJ3U1YEMUKArpeNIk5ViFefY3HTABVfKEJoYLpWzGdEUGo0tkU0hCsim3XLP274zh27WpNzKv6VwjdStmqlp1WtdS4zuLIozN0ji6RhWzUQLeoiTqIIkAP6Ak9G3fGo/FivK5bc0Y2c4p+wHj7BN3cjUg=</latexit>

Simple vs complex systems and potential ageing predictions

<latexit sha1_base64="jmn1647YuHul5UuOx8b3kOAG4CM="></latexit>
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combination of numerical summaries (provided by other methods such as statistics, network theory, 
machine learning etc.) and topological summaries will lead to novel unprecedented insights on 
ageing. Given the fast development of TDA and its numerous recent achievements in various 
biological studies one can only advocate for this method to be integrated in the toolbox that every 
scientist working on ageing should have. 
 
However, a word of caution should be expressed. TDA should not be perceived as the ultimate tool 
to analyse complex biological data since the concept of an ultimate tool is probably illusory. 
Furthermore, TDA comes with difficulties, in particular, finding the appropriate similarity measure 
suitable to a given data set is sometimes a daunting task and very much dependent on the knowledge 
of the problem being analysed. Noteworthy, topological approaches in theoretical physics usually 
give necessary conditions, not sufficient ones (Franzosi and Pettini 2004). In other words, topology 
falls (most of the time) within the class of Contextual Emergence, since it is necessary that two 
structures that are equivalent must have the same topological properties, but the converse is not 
true: two structures with same (fixed) topological property could differ in relation to another one. 
In this sense, we hope that future studies of complex biological systems and in particular ageing 
will reveal that the underlying mechanisms fall under the class of Contextual Emergence. Provided 
ageing falls under Context Emergence, we envisage that TDA will help to create an ageing map 
that predicts the biological mechanisms underpinning pathological vs healthy ageing scenarios. 
These phase transitions could be unveiled in longitudinal studies but also in transversal studies 
across databases, which would compare differences in the structure of those phase transitions. In 
other words, TDA has the potential to uncover the shape of ageing and age-related diseases. 
 
To conclude, TDA extracts global topological invariant patterns and it will enable scientists and 
clinicians to collaborate in synergy (at the level of systems biology) and thus significantly 
contribute to the worldwide initiative on healthy ageing (WHO 2020-2030)1 for unraveling the 
causal relationships of the “true” complex, dynamic, hierarchical, heterogenic and emergent nature 
of ageing. 
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