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ABSTRACT

An important branch of research on complex systems studies self-organized dynamics in networks by comparing structural and
functional connectivity. Structural connectivity (SC) here is derived from the network itself, whereas functional connectivity
(FC)) is derived from the dynamics. This classification into SC and FC is prominent in neuroscience, but can be seen in social
sciences, life sciences, geomorphology, earth systems science and many more.
Here we provide a taxonomy of different types of structural and functional connectivities, which are the results of a ’close
reading’ of twelve highly diverse datasets from this SC/FC perspective.
Applying all SC and FC variants to all datasets we show how this taxonomy enhances system comparison, enables systemic
understanding and offers a catalog of interpretation strategies for complex systems in general.

1 Introduction

This document is Deliverable D1.3 of the i-CONN project. Eventually, it is planned to extend this document and
submit it for publication to an academic journal.
An online tool, where the taxonomy elements can be applied to the datasets, is available at:
https://connectivity-browser.onrender.com//.
Our taxonomy is not related to ’standard’ graph taxonomy, distinguishing between directed and undirected graphs,
multigraphs, and other structural features.

2 The taxonomy

Figure 1 illustrate our taxonomy of structural and functional connectivities.
Within structural connectivities we distinguish between empirical SC, which is further divided into relational SC
and layout SC, and pragmatic SC.
The most common usage of the SC concept is indeed relational SC, which is an SC representation directly derived
from the network architecture itself without any additional information. The network’s adjacency matrix is a version
of relational SC. In case the system is embedded in a physical space or an abstract feature space, one can use
proximity of nodes within that space to define a network architecture. This is layout SC. The only requirement is a
metric being available in the embedding space. In case the system indeed has both relational information of the
elements (i.e., the network) and the embedding in some space, one can compare relational SC and layout SC
with each other, but also in their individual capacities to explain functional connectivity. Several of the case studies
described below are built on this possibility. If the system does not have relational information, layout SC is the only
possibility to study the system from a network perspective.
Pragmatic SCs are useful constructs to resort to when the real system structure is not accessible, in the cases
where an exhaustive inventorying of all the interactions of the nodes (relational SC) is impossible, and in absence of
an appropriate abstract features space (layout SC). Pragmatic SCs are measured functional network layers (FCs)
that we assume as structural for the sake of comparison between different types of dynamics, whether these are
empirically measured or simulated.
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Figure 1. Structural and Functional Connectivity taxonomy dendrogram. Structural Connectivity is either
empirical or pragmatic: Empirical SCs can be subdivided into two groups: (i) Relational SCs where network links
represent relations specific to each particular pair (or group) of nodes. (ii) Layout SCs where network links
represent similarity measures between nodes laid out on a metric space. Pragmatic SCs are not faithful
representations of the system’s structure, unlike the former category. They encapsulate instances where, in
absence of an empirical SC, we consider any type of information about the relationships among system elements.
As a consequence, pragmatic SCs links can be either of a relational or a layout type. Functional Connectivity is
either empirical or simulated: Empirical FCs result from real-world observations where links can be of two natures:
(i) Quantitative FCs are derived from time-refined data measured on elements of the system. (ii) Relational FCs
evaluate dynamics in terms of relationships between elements of the systems. A simulated FC results from
process-generating mathematical models, of which we distinguish mechanistic and propagation types: (i) A
mechanistic FC is built from a model that requires prior assumptions about the underlying dynamical processes
(i.e., a physics-informed model). (ii) A propagation FC is built from a model with no prior assumptions about the
underlying dynamical processes (physics-free model).

Functional connectivities are classified as empirical FC, with subcategories quantitative FC and relational FC,
and simulated FC, with subcategories mechanistic FC and propagation FC.
Empirical FC summarizes all cases, where empirical information on the dynamical state of the system is evaluated.
Quantitative FC is the most common form of functional connectivity. It is based on time series measured at each
node of the network (or, more generally speaking, each element of the system). A matrix of co-activity or pairwise
synchronization indices are examples of quantitative FC (e.g. recorded correlations between different cortical brain
regions).
Sometimes such detailed time-series information may not be available, but still some knowledge about functional
states exists. This is the domain of relational FC. In this type of FC all relations among system elements are
processed (e.g., ”A takes advice from B” in a social system like a company or a research group).
Often relational FC comes in the form of a multilayer network, as different categories of relations among elements
may exist. Relational FC is, hence, in most realizations a more qualitative version of FC, than quantitative FC.
Sometimes, instead of time series, only snapshots of activity are available under different conditions (for example
gene expression data for the regulatory network in a biological cell). Then relational FC would offer the possibility
to draw conclusions from co-activation patterns and the distribution of differentially expressed genes across the
regulatory network.
Given that relational FC evaluates dynamics in terms of relationships among system elements, it is more about the
dynamics of the network than dynamics on the network (with the latter being the domain of the quantitative FC
introduced above).
Sometimes no empirical information on dynamics or relational processes is available at all, but still one would want
to explore the functional capabilities of a given SC. This is the application domain of simulated FC, which contains
the remaining two types of FC as subcategories.
In the case of mechanistic FC, even though we do not have measured data on the functional level, we still have
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a good mechanistic understanding or a model based on physical processes to simulate data. These simulated
data based on physical laws or mechanistic systemic processes give rise to mechanistic FC (e.g. the correlated
sequential evolution of river bed covers resulting a simulated sediment transports time series model1)
If even such physical laws or mechanistic models do not exist for the system at hand, one can still explore the
functional capabilities of a given SC with simulated flows (represented by random walks or diffusive processes).
These simulated flows give rise to propagation FC.
Propagation FCs are derived from numerical simulations of toy models of dynamical processes on a given SC
layer, in the absence of mechanistic models for the system at hand. These FCs are often tied with the concept of
pragmatic SCs: by running simple models on the network constructed by the measured dynamics, we can uncover
the existence of insightful substructures in the network of dynamics such as small-world effects or inter-modular
communication.

3 The data

The taxonomy introduced above allows us to explore a wide range of complex systems from the perspective of
structural and functional connectivities. Figure 2 introduces the 12 data sets we use to illustrate our approach. The
data sets come from diverse application domains and explore a multitude of spatial and temporal scales.

Figure 2. Datasets descriptions. Name, discipline and (available) spatio-temporal scales, when appropriate, for
all the 12 datasets explored in this deliverable.

We have created a web space, where each data set can be explored on different levels of the taxonomy as illustrated
in Table 1.
Archeological settlements is an undirected network of which nodes represent 723 excavated settlement sites in the
Khabur Valley in ancient Mesopotamia2. Links represent either physical hollow ways3 (relational FC) or inter-site
geographical proximity (layout SC). These cover a time period spanning from the Early Bronze Age to the Iron Age.
Danube Restoration is a directed network of which nodes represent the 14 different actors and 12 action-situations
(AS) involved in the water governance of the Danube river from the 19th century to today (relational FC). Directed
AS-AS links indicate whether the outcome of the source AS affects the target AS. Undirected actor-AS links indicate
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the involvement of the former in the latter.
Deforestation and trade is a directed network of which nodes represent 163 countries4. Links represent either the
yearly embodied deforestation of all products exchanged internationally from 2000 to 20205 (quantitative FC) or
geographical proximity between all 163 countries’ capitals (layout SC).
Economic vulnerability is a directed network of which 7987 nodes represent the 163 sectors of 44 countries and 5
‘rest of the world’ regions. Links are either yearly inter-sectoral international exchanges in M$ from 1995 to 20206

(quantitative FC) or the correlated commodity price surges after simulated global supply shortages7 (mechanistic
FC).
Galaxy spectra is an undirected network of which nodes represent 200 ultraluminous infrared galaxies in the ELAIS
N1 field at redshift 28. Links represent the similarity of spectral energy distributions (SED) between these galaxies.
SEDs are constructed according to one of four different data-fitting models: CYGNUS9,10, Fritz11, Siebenmorgen12

and SKIRTOR13,14 (mechanistic FC).
Gene regulation is a directed signed network of which nodes are 2197 Escherischia coli’s genes. Links represent ei-
ther co-regulation by a transcription factor15 (relational SC), spatial proximity in the bacterium’s circular chromosome
(layout SC) or gene co-expression patterns16 (relational FC).
Hillslope erosion is a directed network of which 1200 nodes describe a (60⇥20) lattice representing a (30m⇥10m)
field topographical data from the Sevilleta Long Term Ecological Research site in central New Mexico USA. Links
represent topographically defined (steepest descent) connections between nodes17 (relational/layout SC), or the
sequential evolution of discharge from one node to another from modelled spatial time series of discharge18

(mechanistic FC). The ”hillslope runoff” dataset contains three modelled rainfall scenarios: (i) constant rainfall
applied to the upper third of the hillslope; (ii) a gradient of rainfall over the hillslope, highest at the top of the hillslope,
for a small amount of rain; and (iii) the same gradient of rainfall over the hillslope for a larger amount of rain. Each of
the three scenarios is repeated 100 times with stochastic soil moisture content that preserves the spatial properties
of soil moisture patterns observed under field conditions.
i-CONN collaboration network is a directed network of which nodes represent 41 scientific researchers of the
i-CONN consortium. Links represent either proximity of studied topics (layout SC), geographical proximity (layout
SC), prior relations (relational FC), or three 6-months apart surveyed relations of advice seeking, influence and
collaboration between researchers (relational FC).
Monkey cortex is a directed network of which 29 nodes are monkey cortical regions. Links are either nervous fibers?

(relational SC) or brain signals recorded in different frequency bands? (quantitative FC).
Procurement contracts is an undirected bipartite network of which nodes are 340 local municipalities and 2108
private companies in Guatemala. Links are contracts granted from the former to the latter from 2012 to 2020. We
consider the network projection on municipalities where nodes represent the 340 Guatemalan municipalities. Links
are either the geographical proximity between municipalities (layout SC), or contracts signed by two municipalities
with a same company within a same year (quantitative FC).
River sediments is a directed network of which nodes represent 1514 100-meter-long reaches of the River Carron
in Scotland. Links represent either connections between immediate or 5th order neighboring reaches that allow
sediment transport (relational SC), the difference of slopes between reaches (layout SC) or the correlated sequential
evolution of bedrock and alluvial reaches resulting from simulated sediment transport/deposition time series1

(mechanistic FC).
Watershed runoff is a directed network of which nodes represent 38 runoff measuring devices (flumes) in the
37,000-acre Walnut Gulch Experimental Watershed19. Links represent either connections between flumes allowing
water flow (linking SC) or the correlation of sequential flow between flumes (quantitative FC).

4 Taxonomy applications

In the following and as a complement to this more comprehensive data exploration, we will focus on three case
studies, which from our perspective illustrate best the broad applicability of the taxonomy and the interpretative
power that comes along with it.
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Table 1. Application array. The applicability of all taxonomy elements (columns) to all datasets (rows) is
summarized as green (applicable) and red (not applicable). The numerical results for all green cases are provided
by selecting the array entry in the corresponding figure on the accompanying web page.

Datasets
Structural Connectivity Functional Connectivity

relational layout pragmatic quantitative relational mechanisticpropagation
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4.1 Selected case study: A comparison of gene regulation and riverbed sediment cover
The two systems – bacterial gene regulation and riverbed sediment cover – offer an excellent illustration of our
taxonomy of structural connectivities. In the case of gene regulation, two variants of relational SC (the transcriptional
regulatory network and the co-regulatory network) compete with layout SC (via the spatial embedding of genes in
the bacterium’s circular chromosome) to explain gene expression patterns (gene co-activity derived from a wide
range of gene expression data). In the same way, for riverbed sediment cover, relational SC (matrix of path lengths
between reaches) competes with two types of layout SC (via proximity of reaches in terms of slope and width) to
explain patterns of alluvial and bedrock cover across the river (sequential activity derived from simulated sediment
cover fraction data that change over time).

Gene regulatory network

Bacterial gene regulation is a fascinating example of an interplay of different forms of structural and functional
connectivities. The transcriptional regulatory network (TRN) senses environmental and intracellular changes
to modulate gene expression of a cell and ensure the adaptation of an organism to different environmental
conditions20–23. The TRN can be represented as a directed network, where the nodes are genes and the directed
edges represent the capability of a source gene (transcription factor) to regulate the expression of a target gene.
The TRN is furthermore a signed graph, as the regulatory action can be activating or inhibitory.
There is ample evidence that the circular chromosome is a relevant regulator of gene expression and that gene
expression data need to be interpreted via the interplay of chromosomal space and regulatory network21,24,25.
Here, we use the signed TRN (Figure 3A) and the co-regulatory network of E. coli as relational SC and the matrix
of pairwise distances of the genes on the chromosome as layout SC. The distance matrix was binarized such that
ones indicate gene proximity in space with the threshold being d⇤ = 10000. To construct the FC matrices, we used
a set of gene expression data23, where the gene expression levels are given for diverse experimental conditions.
Based on the values of the expression levels we define two categories of genes: one that exhibits very high activity
(values greater than the µ +2s of the distribution of gene expression values) and one that exhibits very low activity
(less than µ �2s ). The functional connectivity matrices were constructed as co-activity matrices when two genes
both show high or low activity in the various experiments. Figures 3B and 3C show how the two categories of
genes behave as we move from clear layout SC (a = 0) to clear relational SC (a = 1). When the signed TRN is
used as the relational SC (Figure 1B), the active genes maintain a fairly stable behaviour up to the point where the
contribution of the two SCs is equal, and then the correlation values gradually decrease until they reach zero when
the TRN is only involved in the structural part. When the co-regulatory network takes the place of relational SC, the
curve of highly expressed genes reaches its peak at the point where 20% of co-regulatory network and 80% of the
gene proximity network compose the overall SC and then, gradually get stabilized. On the other hand, the genes
that display low activity display the peak correlation value for a = 0 and decreases to slightly negative correlations.
Overall, we notice the different role that gene proximity plays when inserted in different percentages to relational SC
(TRN and co-regulatory network) to the empirical FC, which is constructed based on the gene expression data from
different experimental conditions.
This analysis illustrates, how the portfolio of connectivities introduced here can yield relevant insight in the functioning
of this intricate biological system. Clearly, a deeper understanding of the mechanisms, their evolutionary shaping
and their functional consequences requires a dedicated set of analyses informed by prior biological knowledge (see
Refs21,25–27 for examples).

Riverbed sediment cover

Sediment cover along river channels exhibits variations driven by grain entrainment, translation and deposition,
which may be of alluvial, bedrock or a mix of both28. A river network can be described by a set of nodes that
represent river reaches of approximately equal length and links that connect the neighboring river segments when
sediment transport between two nodes is possible. Here, we use a path length matrix among the reaches, in its
binary form (threshold l⇤ = 500 m), as relational SC and a weighted slope and width similarity matrix as layout SC.
The FC matrices were generated from simulated time series derived from the model1 and they fall into the category
of mechanistic FC. The time series characterize how the attributes of the nodes (sediment cover fraction) change
over time. Based on the dynamical cover fraction values we distinguish the state of reaches as alluvial or bedrock.
As the processes involve flow of sediment across the river, we included a time delay of t⇤ = 100 time steps when
constructing the FC matrices. Figure 3D shows the river with the stronger positive connections when considering
similarities of slope between the reaches. In Figure 3E, we can see how reaches with alluvial and bedrock cover
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correlate with the slope similarity matrix. Slightly negative (for alluvial) and slightly positive (for bedrock) correlations
increase and become equal when the slope matrix is not part of the total SC (a = 1). Finally, in Figure 3F, we observe
that constant correlation values between are maintained in both cases when relational activity contributes up to
60% – positive for alluvial, negative for bedrock – until they reach the same correlation value, when the contribution
of the width similarity matrix is eliminated (a = 1). In essence, this analysis highlights that river attributes (slope
and width) influence channel evolution differently through the process of sediment transport and resulting sediment
cover, and provides insights about their importance (additional references needed).

Discussion

We performed a parallel analysis on two datasets from two different scientific fields: biology and geomorphology.
The aim is to show, how different types of underlying structural connectivities correlate with the function of systems,
when their extreme responses are considered. We found that the interplay of relational and layout SC can have
either a constructive or destructive effect on the SC/FC relationships, depending on the selected attributes integrated
in the SC matrices. Correlations were also computed for each case using null models (shuffling the FC vectors) to
indicate the high significance of the small correlation values observed for the original data. This type of analysis is
suitable for cases, where a system can be meaningfully described at the SC level from a network in which there is
wiring between nodes, and from a network in which we define the proximity between nodes in some metric state
space. At the FC level, time series or series of data from different conditions characterising each node are required.
Correlations between network architecture and dynamical information of nodes or links have been used primarily to
reveal similarities between the underlying network topology and the functional network, i.e. the network constructed
from experimental measurements or dynamical observations of a system. Here, we use SC/FC correlations in
two case studies as an indication of how structural and spatial properties of the system influence the functional
networks, rather than as a network inference method.

5 Conclusion

The taxonomy introduced here should be seen rather as a set of interpretation strategies of complex systems and
not as a strict set of concepts with sharp boundaries. Often even the distinction between structural and functional
connectivities is only a matter of time scales.
Still, as we illustrated with the case studies outlined above, even the debate, how a system fits into this taxonomy,
can offer new, unexpected and deep insight into the functioning of the system.
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Figure 3. (A) Transcriptional regulatory network (TRN) of E. coli: nodes represent genes, green and red directed
edges from source genes to target genes represent the gene expression regulation, i.e. activation or repression of
transcriptional factors respectively. (B) SC/FC correlations as a function of the percentage of relational SC, where
relational SC is represented from the signed TRN. Total SC is given from the sum of relational and layout SC in
complementary percentages, where layout SC corresponds to the binary matrix of pairwise distances between
genes embedded in space: SC = aT RN +(1�a)D. The selected distance threshold is d⇤ = 10000. Distances below
this threshold is represented by 1 in the binary distance matrix D and the rest by 0. The error bars of SC/FC
correlations come from the standard deviation of 50 pairs bootstrap samples of the SC and FC vectors after
removing the diagonal of the corresponding matrices. SC/FC of null models were computed as a mean of 50
samples after shuffling the FC vectors. (C) SC/FC correlations as a function of the percentage of relational SC,
where relational SC is represented from the co-regulatory network. Total SC is given as SC = aCR+(1�a)D. The
error bars and the computation of SC/FC correlations from null models are the same as in (B). (D) River network
(based on River Carron, Scotland): the links depict the strongest connections among the reaches in terms of slope
similarity. (E) SC/FC correlations of alluvial and bedrock reaches as a function of the percentage of relational SC,
where relational SC is given from the matrix that contains the length of river path between two reaches. The matrix
was binarized with threshold l⇤ = 500m. Layout SC is given from a normalized weighted matrix that represent the
similarity of slopes between the reaches. Overall SC: SC = aL+(1�a)S. The error bars and the null model
computations follow the same approach with the previous cases. (F) SC/FC correlations with the same relational
SC and layout SC the normalized weighted matrix which gives the similarities in terms of the width of the reaches:
SC = aL+(1�a)W .
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