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Abstract: Detecting causal interrelationships in multivariate systems, in terms of the Granger-
causality concept, is of major interest for applications in many fields. Analyzing all the relevant
components of a system is almost impossible, which contrasts with the concept of Granger causality.
Not observing some components might, in turn, lead to misleading results, particularly if the
missing components are the most influential and important in the system under investigation. In
networks, the importance of a node depends on the number of nodes connected to this node. The
degree of centrality is the most commonly used measure to identify important nodes in networks.
There are two kinds of degree centrality, which are in-degree and out-degree. This manuscrpt
is concerned with finding the highest out-degree among nodes to identify the most influential
nodes. Inferring the existence of unobserved important components is critical in many multivariate
interacting systems. The implications of such a situation are discussed in the Granger-causality
framework. To this end, two of the most recent Granger-causality techniques, renormalized partial
directed coherence and directed partial correlation, were employed. They were then compared
in terms of their performance according to the extent to which they can infer the existence of

check for unobserved important components. Sub-network analysis was conducted to aid these two techniques

updates in inferring the existence of unobserved important components, which is evidenced in the results.
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By comparing the results of the two conducted techniques, it can be asserted that renormalized
partial coherence outperforms directed partial correlation in the inference of existing unobserved
important components that have not been included in the analysis. This measure of Granger causality
and sub-network analysis emphasizes their ubiquitous successful applicability in such cases of the
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1. Introduction

Several statistical analysis techniques have been developed to detect interrelationships
in multivariate systems. Examples of such techniques are based on mutual information [1-5],
autoregressive processes [6-8], coherence [9-11], and recurrence in state space [12-14].
On the other hand, for causal inference, the concept of Granger causality originated from
econometrics [15-19]. The most well-known frequency and time-domain techniques based
on this concept are renormalized partial directed coherence (rPDC) [20] and directed partial
correlation (DPC) [21], respectively.

Investigation of causal interactions between multiple processes is especially relevant in
financial markets, neurosciences, and other different areas of application. The investigation
of interrelationships among processes is of particular interest, that is, understanding the
underlying interaction network structure promises to uncover the basic mechanisms of the
underlying system. In this study, Granger causality [16-18] is used to investigate causal
Attribution (CC BY) license (https://  interactions. The concept of Granger causality is probabilistic, as it is formulated in terms
creativecommons.org/licenses /by / of the idea of predictability. More precisely, this concept relies on the intuitive notion that
40/). causes always precede their effects in time.
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Notably, Granger (1969) introduced this causality concept claiming that it relies on
observing all relevant processes, i.e., the information contained in the entire universe. This,
however, cannot be in practice achieved. As a consequence, not observing some compo-
nents might, in turn, lead to misleading results, particularly if the missing components are
the most influential and important in the system under investigation. The main problem
appears when such important nodes are not included in the analysis under investigation,
or if they are not even observable.

In networks, the importance of a node depends on the number of nodes that are
connected to this node [22]. The degree of centrality is the most commonly used measure
to identify important nodes in networks [23-29]. In directed networks, a single degree
metric is divided into two metrics, which are in-degree and out-degree [27]. The in-degree
metric is the measure of the number of edges that point towards the node of interest. The
out-degree metric is the measure of the number of links that the node of interest points
towards. This manuscript is concerned with finding the highest out-degree among nodes
to identify the most influential nodes. Inferring the existence of unobserved important
components is critical in many multivariate interacting systems. To this aim, two recent
causality techniques were developed based on the concept of Granger causality. The first
one is called partial directed coherence (PDC), which was developed by Baccalla and
Sameshima (2001) as a time-domain causal measure [30]. On the other hand, a frequency-
domain causal technique known as renormalized partial directed coherence (rPDC) allows
for superior normalization and statistics [20]. These techniques were compared in different
scenarios. This was done to investigate which of these techniques could accurately observe
the existence of unobserved important components. This manuscript also discusses the
implications of not observing important components on the resulting causal network.

This manuscript is structured as follows. The comparison methods, rPDC and DPC,
are introduced in the first section. The results of simulations with the implications of the
Granger-causality techniques are discussed in the second section. The sensitivity analysis
of the results is presented in the third section, followed by a conclusion.

2. Comparison Methods

Through this section, the comparison methods employed in this manuscript are
summarized. The concept of Granger-causality together with vector autoregressive (VAR)
processes are presented in the first sub-section. The time-domain causality technique,
Directed Partial Correlation (DPC), is introduced in the second sub-section of this section.
In the third part, the frequency-domain causal technique renormalized Partial directed
coherence (rPDC) is presented.

2.1. Vector Autoregressive Model (VAR) and Granger-Causality

The concept of Granger-causality is based on two main aspects. The first is the idea
that “causes precede their effects in time”, which is known as temporal precedence. The
second is that the information set included in the entire universe must be taken into
consideration in the analysis.

The Granger-causality concept is assessed based on the class of vector autoregressive
models. Such models describe linear relations between processes [16]. A process X; is
considered as a Granger-causal for process X; if the prediction of the latter can be improved
by gaining past knowledge of the first process X;. The improvement, here, refers to a
smaller variance of forecasting error [21]. The vector autoregressive models are classified,
typically, according to graphical models class [31,32]. Graphical models provide a common
tool used for visualizing as well as analysing connectivity patterns among multivariate
processes with respect to graphs [10,31-35]. A graph is a way of visualizing a pair of set
of vertices and set of edges. A graph is defined, mathematically, as G = (V, E), where V
refers to Vertices and E refers to edges. The vertices correspond to the graph nodes, which
represent the multivariate system components. Graphically, two vertices are considered to
be connected, that is, a link exists between the two, with this link then known as an edge.
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In terms of directionality, an edge can be directed, that is, a direct interaction is detected
between the corresponding nodes, otherwise it is undirected. The graph could be weighted
if there are numbers assigned to edges, otherwise it is not. The assigned weights on the
edges reflect the interaction strength between nodes.
The n-dimensional vector autoregressive process of order p, denoted by VAR[p], is
given by
p
X(t) =Y A(r)X(t—r)+e(t), 1)
r=1
with n x n coefficient matrices A(r), r = 1, ..., p . The n-dimensional independent Gaussian
white noise is denoted by ¢(t), where the covariance matrix X is non-singular and &(t) ~
N(0, X). It is well-known that the class of a VAR process is stationary, that is, the roots of
the lag polynomial are found outside the unit circle, for details and examples refer to [36].

2.2. Directed Partial Correlation (DPC): A Granger-Causal Time-Domain Technique

To provide a Granger-causal measure in the time-domain, directed partial correlation
(DPC) was developed by Eichler (2005) [21]. This technique can be used, effectively, to
measure the strength of causal effects among multiple components [21].

The inference of causal interactions from time-series data needs fitting VAR[p] models
to be fitted based on the least-squares estimation method [21], which is utilized throughout
this manuscript. For observations Xy (1),..., Xy (T) from a d-dimensional multiple time
series Xy, let Rp = (Rp (h,v))ny=1,.,p be the pd x pd matrix composed by sub-matrices [21]

T
Ry(h,v) = Tlp Ry X(t—h)X(t—v)T, )
=P

where T refers to the number of observations and #,v =1,...,p. Similarly, 7, is set to
be such that #, = (R,(0,1),...,Rp(0,p)). After that, the least-squares estimates of the
autoregressive coefficients are given by

P
Az‘j(h) = Z (Rp)fl(hrv) ?p(V)/ 3)

where h = 1,..., p, while the covariance matrix X of the error €(t), which refers to the
n-dimensional independent Gaussian white noise regarding VAR[p] model, is estimated by

.1 &
L= ) &me®’, (4)
t=p+1
where )
&(t) = X(t) = ) A(h) X(t—h) )
h=1

are the least-squares residuals. Note that the coefficients A;;j(h) depend on the unit of
measurement of X; and Xj. This, in turn, makes the comparisons, in terms of the strength
of causal interactions among processes, unsuitable [21]. To this end, Eichler (2005) [21]
developed the DPC technique as a tool to measure the causal interactions’ strength. The
DPC rt;;(h), for h > 0, is defined as the correlation between X;(t) and X;(t — h), after the
linear effects of all other variables included in the vector process Xy are removed. On
the other hand, 7;;(h) = 7;;(—h) for h < 0. Furthermore, it has been shown in [21] that
estimates for the DPCs 77;;(), where i > 0, can be obtained from the parameter estimates
of a VAR[p] model. This was done by re-scaling the coefficients A;; (/)
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#ij(h) = ﬁ for j —1, (6)

X pj(h)

where A
sy =Ryt T % Auy(w) R Ay (v) + 2L 7
P]]( ) = i+ kj(V) ki lj(V) + B ()
v=1 kIleV il

The matrix K = £~ 1, where £~ denotes the estimated covariance matrix 3. inverse
with respect to the residual noise processes.

To decide whether an estimated DPC value is significant, the researcher conducted
a statistical evaluation scheme based on the idea of bootstrapping, with the confidence
interval constructed as follows:

1.  Generate a number of bootstrap surrogates B of a length that is similar to a practical
data set. Roughly, 1000 bootstrap surrogates, as a minimum, is usually enough for ac-
curate computation of confidence intervals, as proposed by Efron and Tibshirani [37].
Throughout this manuscript, B is set to 10, 000 bootstrap surrogates. The surrogates
are generated using the well-known non-parametric method, Amplitude Adjusted
Fourier Transform (AAFT) [38,39]. The AAFT method works based on generating
data from a Gaussian, stationary, and linear stochastic process [40]. Generating B
surrogates is done based on the following algorithm [40,41]:

(@) Re-scaling the data according to normal distribution. This re-scaling is done
by generating the time series according to Gaussian distribution. This is based
on a simple rank ordering, which is then arranged with respect to the order of

data.
(b)  Constructing a Fourier transformed surrogate for this re-scaled data.
() Re-scaling the final obtained surrogate in terms of the data distribution. The

data is then arranged in terms of the rank of the Fourier transformed surrogate.

The advantage of using this algorithm is that it approximately conserves the dis-
tribution as well as the power spectrum of the data [40,41]. The AAFT method is
implemented using the Tisean package found in http:/ /www.mpipks-dresden.mpg.
de/tisean/ (accessed on 15 February 2020) [39]. Note that the above-mentioned algo-
rithm is employed iteratively based on the Tisean package until no more improvement
could be made [39].

2. Estimating the DPC value for each B bootstrap surrogate to obtain a bootstrap sam-
pling distribution, i.e., {t}},—1,_p. To achieve the (1 — «)100 percentile bootstrap
confidence interval for 7, the values of sampling distribution, 7/, are arranged in as-
cending order. After that, the points of w as well as (1 — «) percentages are chosen to be
the end points of the confidence interval, to yield [ (aB), /' ((1 — «) B)] [42]. Approx-
imately, the resulting 95% confidence interval for B = 10000 is [t*(500), t*(9500)].

3. Finally, if the estimated DPC value is found to be outside the confidence interval, it
means that the estimated DPC value is significant and different from zero.

2.3. Renormalized Partial Directed Coherence (rPDC): A Granger-Causal Frequency-
Domain Technique

The well-known Granger-causal technique that was introduced in the frequency
domain is called Partial directed coherence (PDC) [43]. This technique is based on VAR
modelling of the signals employing appropriate VAR model order p [43]. Some drawbacks
have been detected when performing PDC analysis, as outlined in Schelter et al. (2009) [20].
Therefore, a renormalized version of PDC has been developed as a means to detect not
only Granger-causal interactions but also the strengths of the directed causal interactions
among components in a network [20].
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In order to measure causal interactions in terms of Granger-causality in frequency-
domain, the Fourier transform

Alw)=1- i a(r)e 7, 8)
r=1

of the coefficients a(r) of Equation (1) [20,33] is performed. To introduce rPDC consider
the two-dimensional vector

e(Ayg;
aor- (X))

which consists of two main parts, real and imaginary, of the Fourier transformed coefficients.
The corresponding estimator would be ij(w), with Akj(w) replacing Ay;j(w), Gaussian
distributed with the mean Zj;(w) and the following covariance matrix

! 1
Vig(w)/N =) Ry (I,m) Ty x N{
I,m=1

cos(lw) cos(mw) cos(lw) sin(mw)

. . . , (10)
sin(lw) cos(mw) sin(lw) sin(mw)
where N denotes the number of data points and R denotes the covariance matrix of the
VAR process. Then, the renormalized partial directed coherence is defined by

Akj(w) = Zij(w)' Vk_jl (W) Zyj(w). (11)

If A4j(w) = 0, then a Granger-causal influence of process x; on process xi taking into
account all other processes, i.e., {x;,] # j,k}, would be rejected at frequency w. The critical
value for a a-significance level for A;(w) = 01is given by X%/k «/ N [20], where the quantile
1 — a of the y2-distribution with two degrees of freedom is denoted by X%,l— a

3. Simulations

This study aims to investigate the implications of the existence of unobserved impor-
tant components, which have not been included in the analysis, on the inferred network
structure, as well as to what extent the existence of unobserved important components can
be accurately inferred. For a deep understanding of the dependence structure in the pres-
ence of unobserved important components, sub-network analysis has been suggested [44].
The simulated network structure that represents the underlying investigated system is pre-
sented in Figure 1. In the context of this manuscript, the important components are defined
in terms of the highest number of out-degrees of a node. In Figure 1, it can be seen that
the causality structure of the underlying system shows that Nodes 1 and 2 are considered
important nodes according to the number of their out-degrees, i.e., out-degree = 3. More
precisely, Nodes 1 and 2 not only directly influence most other nodes but also indirectly in-
fluence the rest of the network. The underlying structure can be considered a tree structure
in the form of layers, which is similar to the structure of chain networks.

In the following, the results of employing both rPDC and DPC Granger-causality
techniques are presented, such that four scenarios are considered in the analysis. These
scenarios are as follows: not observing Node 1, not observing Node 2, not observing Nodes
1 and 2, and not observing Nodes 1, 2, and 3. Note that nodes were omitted systematically
in sub-network analysis.
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Out-degree =3 4
Dominant O

Figure 1. The simulated network structure of the underlying investigated system. This six-

dimensional network structure shows that Nodes 1 and 2 are important nodes according to their
out-degrees. In other words, these two nodes influence all other nodes in the underlying investigated
network, either directly or indirectly.

3.1. Results: rPDC Granger-Causality Technique

The results of conducting rPDC based on sub-network analysis, such that Node 1
is omitted, are displayed in Figure 2, where two different representations are shown.
Figure 2a presents the results of rPDC in a matrix form, while Figure 2b presents the
results as a causal network. In Figure 2a, the diagonal represents the node number with
respect to each column and row, while the large arrow drawn around the figure shows
the direction of the influence of each node on other nodes, vertically. In the sub-figures,
the x-axis corresponds to the frequency, while the y-axis corresponds to the calculated
rPDC value. It can be noticed that four line realizations might appear in some of the
sub-figures. The black line realization represents the rPDC values, while the gray regions
refer to the corresponding 95% confidence intervals of a single realization. Importantly,
the red line marks the critical value at the 5% significant level. Note that the node colour
in red corresponds to the important node, as the highest number of out-degrees in the
network is for Node 2. It is noteworthy that the rPDC values are not normalized, so the
values are large, but this does not affect the results. The main interest in this manuscript is
the significant detection of causal interaction, whether there is an influence or not. This is
in the case of not observing components that are important in the underlying simulated
system. Furthermore, a rPDC value is considered to be significant if, and only if, the black
line realization is completely above the red line for all different frequencies. Note that the
red line sometimes can be exactly on the x-axis so that it cannot be clearly seen.

On the other hand, to deeply understand the results, they are represented as a net-
work with interacting nodes in Figure 2b. The important nodes, highlighted in red, are
determined according to their out-degrees, i.e., out-degree = 3. Node 2 has three outgoing
directed links, while Node 3 has two outgoing directed links. Other nodes have only
one outgoing directed link or nothing. Therefore, the important node of the observed
five-dimensional network is Node 2. It can be observed that Node 2 influences Nodes 3, 4,
and 5 directly and influences Node 6 indirectly. It can be seen that Node 3 influences Node
6 on behalf of the unobserved Node 1, which is because Node 1 directly influenced both
Nodes 5 and 6, as shown in Figure 1. All other links presented in the underlying simulated
system, see Figure 1, are significantly detected in the inferred five-dimensional sub-system,
see Figure 2.
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Figure 2. The result of the rPDC technique after excluding Node 1 from the analysis: (a) presents
the results of rPDC in a matrix form, while (b) presents the results as a causal network. In (a), the
diagonal represents the node number with respect to each column and row, while the large arrow
drawn around the figure shows the direction of the influence of each node on the other nodes,
vertically. In the sub-figures, the x-axis corresponds to the frequency, while the y-axis corresponds to
the calculated rPDC value. It can be noticed that four line realizations appear in the sub-figures. The
black line realization represents rPDC values, while the gray regions refer to the corresponding 95%
confidence intervals of a single realization. Importantly, the red line marks the critical value at a 5%
significant level. Note that the node color in red corresponds to the important node, as the highest
number of out-degrees in the network is for Node 2.

Figure 3 presents the results of rPDC with its corresponding graphical representation
of the implications of not observing Node 2 only, while all other nodes are included in the
analysis. The resulting five-dimensional sub-system shows that all links are present as
in the underlying system, except the link 4 — 5. This causal link exists because Node 2
influenced Nodes 4 and 5 directly and via Node 3 indirectly. Therefore, the effect of Node
3 on Node 4 leads to the influence of Node 4 on Node 5.
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Figure 3. The figure presents the results of conducting rPDC analysis for the observed five-
dimensional network after Node 2 is omitted: (a) presents the results of rPDC in a matrix form, while
(b) presents the results as a causal network. In (a), the diagonal represents the node number with
respect to each column and row, while the large arrow drawn around the figure shows the direction
of the influence of each node on the other nodes, vertically. In the sub-figures, the x-axis corresponds
to the frequency, while the y-axis corresponds to the calculated rPDC value. It can be noticed that four
line realizations might appear in some sub-figures. The black line realization represents rPDC values,
while the gray regions refer to the corresponding 95% confidence intervals of a single realization.
Importantly, the red line marks the critical value at a 5% significant level. Note that the node color
in red corresponds to the important node, as the highest number of out-degrees in the network is
for Node 2.

The implications of omitting the important Nodes 1 and 2 are presented in Figure 4.
These are the results of rPDC with its corresponding graphical representation of the four-
dimensional sub-system. It can be observed that Node 3 influences each of Nodes 4, 5,
and 6. Interestingly, there is a feedback interaction structure that appears in the four-
dimensional sub-system between Nodes 3 and 4. The results, additionally, show that Node
3 becomes the important component in the network. Therefore, the rPDC analysis was
conducted for the three-dimensional sub-system after Node 3 is omitted. The results are
presented in Figure 5. It can be observed that there is a causal feedback structure between
Nodes 4 and 5.

In fact, combining the results presented in Figures 4 and 5 for the four-dimensional
and three-dimensional sub-systems, the following can be concluded. According to these
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figures, the first feedback structure is between Nodes 3 and 4, and the second is between
Nodes 4 and 5. This provides, firstly, an indication that there have been unobserved
important components that were not included in the analysis. Secondly, the important
unobserved components had a large influence on Nodes 3, 4, and 5. This can be asserted by
looking back into the original network, as Nodes 1 and 2 both influenced Nodes 3, 4, and
5, but Node 1 also influenced Node 6. Therefore, by taking the common nodes that have
been influenced by both Nodes 1 and 2, the accurate underlying causal network structure
can be inferred.
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Figure 4. The figure presents the results of conducting rPDC analysis for the observed four-
dimensional network after Nodes 1 and 2 are omitted: (a) presents the results of rPDC in a matrix
form, while (b) presents the results as a causal network. In (a), the diagonal shows the node number
with respect to each column and row, while the large arrow drawn around the figure shows the
direction of the influence of each node on other nodes, vertically. In the sub-figures, the x-axis
corresponds to the frequency, while the y-axis corresponds to the calculated rPDC value. It can
be noticed that four line realizations might appear in some sub-figures. The black line realization
represents rPDC values, while the gray regions refer to the corresponding 95% confidence intervals
of a single realization. Importantly, the red line marks the critical value at a 5% significant level.
Note that the node color in red corresponds to the important node, as the highest out-degree in the
network is for Node 3. Furthermore, the results show the feedback causal pattern between Nodes 3
and 4.
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Figure 5. The figure presents the results of conducting rPDC analysis for the observed three-
dimensional network after Node 3 is omitted: (a) presents the results of rPDC in a matrix form, while
(b) presents the results as a causal network. In (a), the diagonal shows the node number with respect
to each column and row, while the large arrow drawn around the figure shows the direction of the
influence of each node on other nodes, vertically. In the sub-figures, the x-axis corresponds to the
frequency, while the y-axis corresponds to the calculated rPDC value. It can be noticed that four line
realizations might appear in some sub-figures. The black line realization represents rPDC values,
while the gray regions refer to the corresponding 95% confidence intervals of a single realization.
Importantly, the red line marks the critical value at a 5% significant level. Note that the node color
in red corresponds to the important node, as the highest out-degree in the network is for Node 5.
Furthermore, the results show the feedback causal pattern between Nodes 4 and 5.

3.2. Results: DPC Granger-Causality Technique

The underlying simulated system is presented in a DPC matrix form. This is displayed
in Figure 6, showing the interaction coefficients with its corresponding network structure.
In this part, the same systematic analysis that was done based on the rPDC technique, see
Section 3.1, is employed here based on DPC analysis. The systematic analysis starts with
Node 1 being unobserved, see Figure 7. In the following, the reason for the presence of new
causal links—2 — 3,4 — 5, and 5 — 6—is illustrated. The link 2 — 3 is present because,
in Figure 6, Node 2 is influencing Node 3 indirectly via Node 1. On the other hand, the link
4 — 5 is present because, in Figure 6, Node 2 is influencing Nodes 4 and 5 but is affecting
Node 4 more strongly than Node 5, which forces Node 4 to influence Node 5. Furthermore,
the link 5 — 6 is present because, in Figure 6, Node 2 is influencing Node 6 indirectly
through Node 1. Node 2 influenced Node 5 directly and indirectly through Node 1, which
in turn leads to the appearance of this link when Node 1 is omitted.
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On the other hand, the results of not observing Node 2 while all other nodes remain
the same are shown in Figure 8. It can be seen that all links are present in Figure 8 as in
Figure 6, except the link 4 — 5 is new. Furthermore, the results of both the four-dimensional
sub-system—i.e., Nodes 1 and 2 are omitted—and the three-dimensional sub-system—i.e.,
Node 3 is omitted after omitting Nodes 1 and 2—were investigated. Figure 9 shows no
clear evidence that there were unobserved important components. This is in contrast to the
conclusion resulting from rPDC results, see Figures 4 and 5. More precisely, the presence
of a feedback interaction structure in the four-dimensional and three-dimensional sub-
networks based on the rPDC technique, is considered potential evidence of the existence of
unobserved important components. Furthermore, by having Node 6 link with other nodes
in the sub-networks, an indication is given that Node 6 is also affected by the unobserved
important components.

a2l [3] [a]ls]
0

] (1 o3 0 0 0\
[2] 0 1 o o0 o0

[3] 029 0 1 o0 0 o
[4] 0 o025 035 1 0 o
[5] 0.18 0.2 0 o1 0
6] | 02 o o o o 1)

Out-degree = 3 4
Dominant Q

Figure 6. The figure presents the results of conducting DPC analysis for the underlying simulated
six-dimensional system. The DPC matrix of the simulated underlying system and the corresponding
graphical representation are presented. The numbers written in boxes correspond to the nodes’
number, whereas the simulated interaction coefficients in the DPC matrix are presented on the links
of the network. This six-dimensional network structure shows that Nodes 1 and 2 are important
nodes according to their out-degrees. In other words, these two nodes influence all the nodes in the

network. The important nodes are highlighted in red according to their out-degrees.
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Out-degree = 3 0.31

Dominant O

Figure 7. The figure presents the graphical representation of the results of conducting DPC analysis
for the observed five-dimensional network after Node 1 is omitted. The observed interaction
coefficients are presented on the links of the network. This five-dimensional network structure shows
that Node 2 is important according to its out-degree, which is highlighted in red. It shows that Node
2 remains an important component in the network. The important node is highlighted in red.

Out-degree = 3

Dominant

Figure 8. The figure presents the graphical representation of the results of conducting DPC analysis
for the observed five-dimensional network after Node 2 is omitted. The observed interaction
coefficients are presented on the links of the network. This five-dimensional network structure shows
that Node 2 is important according to its out-degree, that is highlighted in red. It shows that Node 1
remains the important node in the network.
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0.3

O

Out-degree = 2

Dominant

4

0.36

0.27

) 6 036 S 0.24 4
O O O O

Figure 9. The figure presents the graphical representation of the results of conducting DPC analysis for the observed

four-dimensional and three-dimensional sub-networks after Nodes 1, 2, and 3 are omitted. The observed interaction

coefficients are presented on top of the links of the network. This five-dimensional network structure shows that Node 2 is

being important according to its out-degree, that is highlighted in red.

To sum up, these results show that rPDC outperforms DPC for inferring the existence
of unobserved important components and for inferring the general true causal network
structure of the underlying system. More precisely, the results of the DPC technique do not
lead to any obvious conclusion that there is an unobserved important component. How-
ever, on the other hand, the rPDC technique reveals an indication of having unobserved
important components that have not been taken into account in the analysis. Therefore, the
true underlying causal structure can be potentially inferred, where important nodes are
not included in the analysis.

4. Sensitivity Analysis

To demonstrate the validity of the inferred causal links, power and coverage analysis
was conducted for each causal link in both directions between every two nodes. For this
purpose, 100 realizations were simulated for each observed causal link. For the aim of
testing for the significance of an estimated DPC value, the significance level of 5% was
chosen so that a confidence interval of 95% was constructed for each combination in
both directions.

For example, if x — y, then the null hypothesis of the statement “x does not influence
y” is rejected, but it is true at a confidence of 95%. This is the case where the probability of
obtaining a false positive link is at most 5%. The significance test is, similarly, employed
for the other direction y — x, where the null hypothesis of the statement that “y does
not influence x” is rejected, but it is false at a confidence of 95%. This case refers to
true positives.

To validate the results, the validity is evaluated by power analysis. The power curve is
drawn so that the ability to detect an accurate rejection of the null hypothesis is quantified.
On the other hand, the fraction of false positives is controlled by coverage analysis [45].

Power analysis is systematically conducted for both rPDC and DPC for each of the four
scenarios for each causal link. The four scenarios are as follows: removing Node 1, removing
Node 2, removing Node 1 and Node 2, and removing Nodes 1, 2, and 3. The results of power
analysis of the four scenarios are displayed, respectively, in Figures 10-17. In each figure, the
x-axis represents the coupling strength, while the y-axis represents the power percentage
of realizations. In addition, the red-dashed line displays 5% of the simulated realizations.
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These results confirm that causal influences are accurately revealed, whereas false positives
are controlled.

Removing node 1

100 100|
80| 80|
T o0 T 60
4 4
g s
8 :
& w S w
20| 20|
0 0]
0.0 0.1 02 03 04 05 0.0 0.1 0.2 03 04 05
Coupling strength Coupling strength
100| 100
80| 80|
X e T 60
< T ~—3-4
H H 423
1 -
S « e ,
20| 20|
o 1 e S U S,
0.0 0.1 0.2 03 04 05 0.0 0.1 02 03 04 05
Coupling strength Coupling strength
100|
80,
T e
x ~5-6
E 65
-
3 }
S w
20
L e e e ke TP PRI TS et | Y | B i S ————— e S S T
0.0 0.1 0.2 03 04 05 0.0 0.1 02 03 04 05
Coupling strength Coupling strength
100 100|
80| 80|
;\? 60| ;\? 60|
b2 ~2-6| T —3-5
g 62 % 5-3
(8 2243 -3
o 40 o 40
20| 20|
) e a— | O g gt — 34
0.0 0.4 02 03 04 05 0.0 0.1 0.2 03 04 05
Coupling strength Coupling strength
100| 100
80| 80|
;\? 60| § 60|
= ~—455] % ~4-56
g 554] 2 64
S R >4
[- S o 40
20| 20|
Py — e S m— — [ — S S— ——
0.0 0.1 0.2 03 04 05 0.0 0.1 02 03 04 05
Coupling strength Coupling strength

Figure 10. rPDC power curve. The figure presents three lines with different colors: dark-black
line, light-orange line, and red-dashed line. The first two lines refer to the causal interactions in
both directions, while the red-dashed line highlights 5% of the realizations. The x-axis presents
the coupling strength, whereas the y-axis presents the percentage of realizations. The figure shows
the results of power analysis based on rPDC analysis after Node 1 is omitted. The analysis is done
for a relationship between any two nodes for both directions in the observed five-dimensional
sub-network.
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Figure 11. DPC power curve. The figure shows the results of power analysis based on DPC analysis
after Node 1 is omitted. The x-axis presents the coupling strength, whereas the y-axis presents the
percentage of realizations. The analysis is done for a relationship between any two nodes for both
directions in the observed five-dimensional sub-network.
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Figure 12. rPDC power curve. The figure shows the results of power analysis based on rPDC analysis
after Node 2 is omitted. The x-axis presents the coupling strength, whereas the y-axis presents the
percentage of realizations. The analysis is done for a relationship between any two nodes for both
directions in the observed five-dimensional sub-network.
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Figure 13. DPC power curve. The figure shows the results of power analysis based on DPC analysis
after Node 2 is omitted. The x-axis presents the coupling strength, whereas the y-axis presents the
percentage of realizations. The analysis is done for a relationship between any two nodes for both
directions in the observed five-dimensional sub-network.
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Figure 14. rPDC power curve. The figure shows the results of power analysis based on rPDC analysis after Nodes 1 and
2 are omitted. The x-axis presents the coupling strength, whereas the y-axis presents the percentage of realizations. The
analysis is done for a relationship between any two nodes for both directions in the observed four-dimensional sub-network.
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Figure 15. DPC power curve. The figure shows the results of power analysis based on DPC analysis after Nodes 1 and 2 are
omitted. The x-axis presents the coupling strength, whereas the y-axis presents the percentage of realizations. The analysis
is done for a relationship between any two nodes for both directions in the observed four-dimensional sub-network.
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Figure 16. rPDC power curve. The figure shows the results of power analysis based on rPDC analysis
after Nodes 1, 2 and 3 are omitted. The x-axis presents the coupling strength, whereas the y-axis
presents the percentage of realizations. The analysis is done for a relationship between any two nodes
for both directions in the observed three-dimensional sub-network.
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Figure 17. DPC power curve. The figure shows the results of power analysis based on DPC analysis
after Nodes 1, 2 and 3 are omitted. The x-axis presents the coupling strength, whereas the y-axis
presents the percentage of realizations. The analysis is done for a relationship between any two nodes
for both directions in the observed three-dimensional sub-network.

5. Conclusions

The investigation of causal interactions in multivariate systems is of interest for
practical applications in many fields. However, including all relevant components of a
system is almost impossible in reality. The main problem appears when not observing
some components which are important in the underlying system. This, in turn, might lead
to misleading conclusions. In networks analysis, the importance of a node depends on the
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number of links connected to this node. To identify the importance of nodes, the degree
centrality measure was utilized. The Out-degree centrality metric was chosen for finding
the most influential nodes that correspond to the highest out-degree.

To investigate the implications of having unobserved important nodes, two of the
most recent Granger-causality techniques, rPDC and DPC, were employed and compared.
Furthermore, the extent to which the existence of important components not included in
the analysis, or even if they are unobservable, can be accurately inferred was investigated.
The results showed that rPDC outperforms DPC in inferring the existence of unobserved
important components. Interestingly, a feedback structure in sub-networks was captured
and this, in turn, is considered key to inferring the existence of unobserved important
nodes. These results were validated by employing power analysis. This was done to
validate every inferred relationship between every two nodes for both directions. The
results of Power analysis confirmed that causal influences are accurately revealed, whereas
false positives are controlled.

Funding: This research received no external funding.
Data Availability Statement: Not Applicable.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Frenzel, S.; Pompe, B. Partial Mutual Information for Coupling Analysis of Multivariate Time Series. Phys. Rev. Lett. 2007,
99, 204101. [CrossRef]

2. Palus, M.; Stefanovska, A. Direction of coupling from phases of interacting oscillators: An information-theoretic approach. Phys.
Rev. E 2003, 67, 055201. [CrossRef]

3. Vejmelka, M.; Palu$, M. Inferring the directionality of coupling with conditional mutual information. Phys. Rev. E 2008,
77,026214. [CrossRef] [PubMed]

4. Palus, M.; Vejmelka, M. Directionality of coupling from bivariate time series: How to avoid false causalities and missed
connections. Phys. Rev. E 2007, 75, 056211. [CrossRef] [PubMed]

5. Pompe, B.; Blidh, P.; Hoyer, D.; Eiselt, M. Using mutual information to measure coupling in the cardiorespiratory system. IEEE
Eng. Med. Biol. Mag. 1998, 17, 32-39. [CrossRef]

6.  Arnold, M.; Milner, X.; Witte, H.; Bauer, R; Braun, C. Adaptive AR modeling of nonstationary time series by means of Kalman
filtering. IEEE Trans. Biomed. Eng. 1998, 45, 553-562. [CrossRef]

7. Dahlhaus, R.; Eichler, M. Causality and Graphical Models in Time Series Analysis; Oxford University Press: Oxford, UK, 2003;
pp. 115-137.

8.  Eichler, M. Granger Causality Graphs for Multivariate Time Series. Available online: http://archiv.ub.uni-heidelberg.de/
volltextserver /20749 /1 /beitrag.64.pdf (accessed on 24 May 2016).

9. Halliday, D.; Rosenberg, J. On the application, estimation and interpretation of coherence and pooled coherence. J. Neurosci.
Methods 2000, 100, 173-174. [CrossRef]

10. Dahlhaus, R. Graphical interaction models for multivariate time series. Metrika 2000, 51, 157-172. [CrossRef]

11.  Nolte, G.; Ziehe, A.; Nikulin, V.; Schlégl, A.; Kramer, N.; Brismar, T.; Miiller, K.-R. Robustly Estimating the Flow Direction of
Information in Complex Physical Systems. Phys. Rev. Lett. 2008, 100, 234101. [CrossRef] [PubMed]

12.  Arnhold, ].; Grassberger, P.; Lehnertz, K.; Elger, C. A robust method for detecting interdependences: Application to intracranially
recorded EEG. Phys. D Nonlinear Phenom. 1999, 134, 419-430. [CrossRef]

13. Chicharro, D.; Andrzejak, R.G. Reliable detection of directional couplings using rank statistics. Phys. Rev. E 2009, 80, 026217.
[CrossRef]

14. Romano, M.C.; Thiel, M.; Kurths, J.; Grebogi, C. Estimation of the direction of the coupling by conditional probabilities of
recurrence. Phys. Rev. E 2007, 76, 036211. [CrossRef]

15. Sims, C.A. Macroeconomics and Reality. Econometrica 1980, 48, 1-48. [CrossRef]

16. Granger, C.WJ. Investigating causal relations by econometric models and cross-spectral methods. Econometrica 1969, 37, 424-438.
[CrossRef]

17.  Granger, C.W.J. Some recent development in a concept of causality. J. Econom. 1988, 39, 199-211. [CrossRef]

18. Granger, C.W.J. Testing for causality: A personal viewpoint. J. Econ. Dyn. Control. 1980, 2, 329-352. [CrossRef]

19. Granger, C.W.J. Economic processes involving feedback. Inf. Control. 1963, 6, 28—48. [CrossRef]

20. Schelter, B.; Timmer, J.; Eichler, M. Assessing the strength of directed influences among neural signals using renormalized partial
directed coherence. J. Neurosci. Methods 2009, 179, 121-130. [CrossRef]

21. Eichler, M. A graphical approach for evaluating effective connectivity in neural systems. Philos. Trans. R. Soc. B Biol. Sci. 2005,

360, 953-967. [CrossRef]


http://doi.org/10.1103/PhysRevLett.99.204101
http://dx.doi.org/10.1103/PhysRevE.67.055201
http://dx.doi.org/10.1103/PhysRevE.77.026214
http://www.ncbi.nlm.nih.gov/pubmed/18352110
http://dx.doi.org/10.1103/PhysRevE.75.056211
http://www.ncbi.nlm.nih.gov/pubmed/17677152
http://dx.doi.org/10.1109/51.731318
http://dx.doi.org/10.1109/10.668741
http://archiv.ub.uni-heidelberg.de/volltextserver/20749/1/beitrag.64.pdf
http://archiv.ub.uni-heidelberg.de/volltextserver/20749/1/beitrag.64.pdf
http://dx.doi.org/10.1016/S0165-0270(00)00267-3
http://dx.doi.org/10.1007/s001840000055
http://dx.doi.org/10.1103/PhysRevLett.100.234101
http://www.ncbi.nlm.nih.gov/pubmed/18643502
http://dx.doi.org/10.1016/S0167-2789(99)00140-2
http://dx.doi.org/10.1103/PhysRevE.80.026217
http://dx.doi.org/10.1103/PhysRevE.76.036211
http://dx.doi.org/10.2307/1912017
http://dx.doi.org/10.2307/1912791
http://dx.doi.org/10.1016/0304-4076(88)90045-0
http://dx.doi.org/10.1016/0165-1889(80)90069-X
http://dx.doi.org/10.1016/S0019-9958(63)90092-5
http://dx.doi.org/10.1016/j.jneumeth.2009.01.006
http://dx.doi.org/10.1098/rstb.2005.1641

Entropy 2021, 23, 994 22 of 22

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.
37.

38.
39.
40.
41.
42.
43.
44.

45.

Golbeck, J. Introduction to Social Media Investigation: A Hands-On Approach; Syngress: Burlington, MA, USA, 2015.

Maharani, W.; Gozali, A.A. Degree centrality and eigenvector centrality in twitter. In Proceedings of the 2014 8th International
Conference on Telecommunication Systems Services and Applications (TSSA), Denpasar, Indonesia, 23-24 October 2014; pp. 1-5.
Yustiawan, Y.; Maharani, W.; Gozali, A.A. Degree Centrality for Social Network with Opsahl Method. Procedia Comput. Sci. 2015,
59, 419-426. [CrossRef]

Ergiin, E.; Usluel, YK. An analysis of density and degree-centrality according to the social networking structure formed in an
online learning environment. J. Educ. Technol. Soc. 2016, 19, 34-46.

Srinivas, A.; Velusamy, R.L. Identification of influential nodes from social networks based on enhanced degree centrality measure.
In Proceedings of the 2015 IEEE International Advance Computing Conference (IACC), Banglore, India, 12-13 June 2015;
pp- 1179-1184.

Hansen, D.L.; Shneiderman, B.; Smith, M.A.; Himelboim, I. Chapter 6—Calculating and visualizing network metrics. In Analyzing
Social Media Networks with NodeXL, 2nd ed.; Morgan Kaufmann: Burlington, MA, USA, 2020; pp. 79-94.

Wang, Y.; Di, Z.; Fan, Y. Identifying and characterizing nodes important to community structure using the spectrum of the graph.
PLoS ONE 2011, 6, e27418. [CrossRef]

Yang, Y.; Xie, G.; Xie, J]. Mining important nodes in directed weighted complex networks. Discret. Dyn. Nat. Soc. 2017,
2017,9741824. [CrossRef]

Sameshima, K.; Baccald, L.A. Using partial directed coherence to describe neuronal ensemble interactions. . Neurosci. Meth. 1999,
94,93-103. [CrossRef]

Songsiri, J.; Dahl, ].V.; Enberghe, L. Graphical Models of Autoregressive Processes; Cambridge University Press: Cambridge, UK, 2010;
pp. 89-116. [CrossRef]

Eichler, M. Graphical models in time series analysis. Ph.D. Thesis, Universitat Heidelberg, Heidelberg, Germany, 2000.
Schelter, B.; Winterhalder, M.; Eichler, M.; Peifer, M.; Hellwig, B.; Guschlbauer, B.; Liicking, C.H.; Dahlhaus, R.; Timmer, J. Testing
for directed influences among neural signals using partial directed coherence. |. Neurosci. Methods 2006, 152, 210-219. [CrossRef]
Eichler, M. Graphical Modeling of Dynamic Relationships in Multivariate Time Series. In Handbook of Time Series Analysis: Recent
Theoretical Developments and Applications; Wiley: Hoboken, NJ, USA, 2006; p. 335.

Schelter, B.; Winterhalder, M.; Hellwig, B.; Guschlbauer, B.; Liicking, C.H.; Timmer, J. Direct or indirect? Graphical models for
neural oscillators. J. Physiol. Paris 2006, 99, 37-46. [CrossRef]

Liitkepohl, H. New Introduction to Multiple Time Series Analysis; Springer: Berlin, Germany, 2005.

Efron, B.; Tibshirani, R. Bootstrap Methods for Standard Errors, Confidence Intervals, and Other Measures of Statistical Accuracy.
Stat. Sci. 1986, 1, 54-75. [CrossRef]

Theiler, J.; Eubank, S.; Longtin, A.; Galdrikian, B.; Farmer, J.D. Testing for nonlinearity in time series: The method of surrogate
data. Phys. D Nonlinear Phenom. 1992, 58, 77-94. [CrossRef]

Hegger, R.; Kantz, H.; Schreiber, T. Practical implementation of nonlinear time series methods: The TISEAN package. Chaos
Interdiscip. ]. Nonlinear Sci. 1999, 9, 413—-435. [CrossRef]

Dolan, K.T.; Spano, M.L. Surrogate for nonlinear time series analysis. Phys. Rev. E 2001, 64, 046128. [CrossRef] [PubMed]
Schreiber, T.; Schmitz, A. Surrogate time series. Phys. D Nonlinear Phenom. 2000, 142, 346-382. [CrossRef]

Balamurali, S. Bootstrap Confidence Limits for Short-Run Capability Indices. Qual. Eng. 2003, 15, 643-648. [CrossRef]

Baccala, L.A.; Sameshima, K. Partial directed coherence: A new concept in neural structure determination. Biol. Cybern. 2001,
84, 463-474. [CrossRef] [PubMed]

Eichler, M. Causal inference from time series: What can be learned from granger causality? In Logic, Methodology and Philosophy of
Science; Glymour, C., Wang, W., Westerstahl, D., Eds.; College Publications: London, UK, 2007.

Jachan, M.; Henschel, K.; Nawrath, J.; Schad, A.; Timmer, J.; Schelter, B. Inferring direct directed-information flow from
multivariate nonlinear time series. Phys. Rev. E 2009, 80, 011138. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.procs.2015.07.559
http://dx.doi.org/10.1371/annotation/1935b388-2831-4fb1-b8f2-914ab91c1ddc
http://dx.doi.org/10.1155/2017/9741824
http://dx.doi.org/10.1016/S0165-0270(99)00128-4
http://dx.doi.org/10.1017/CBO9780511804458.004
http://dx.doi.org/10.1016/j.jneumeth.2005.09.001
http://dx.doi.org/10.1016/j.jphysparis.2005.06.006
http://dx.doi.org/10.1214/ss/1177013815
http://dx.doi.org/10.1016/0167-2789(92)90102-S
http://dx.doi.org/10.1063/1.166424
http://dx.doi.org/10.1103/PhysRevE.64.046128
http://www.ncbi.nlm.nih.gov/pubmed/11690111
http://dx.doi.org/10.1016/S0167-2789(00)00043-9
http://dx.doi.org/10.1081/QEN-120018395
http://dx.doi.org/10.1007/PL00007990
http://www.ncbi.nlm.nih.gov/pubmed/11417058
http://dx.doi.org/10.1103/PhysRevE.80.011138
http://www.ncbi.nlm.nih.gov/pubmed/19658684

	Introduction
	Comparison Methods
	Vector Autoregressive Model (VAR) and Granger-Causality
	Directed Partial Correlation (DPC): A Granger-Causal Time-Domain Technique
	Renormalized Partial Directed Coherence (rPDC): A Granger-Causal Frequency- Domain Technique

	Simulations
	Results: rPDC Granger-Causality Technique
	Results: DPC Granger-Causality Technique

	Sensitivity Analysis
	Conclusions
	References

