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Biological networks are often heterogeneous in their connectivity pattern, with degree distributions
featuring a heavy tail of highly connected hubs. The implications of this heterogeneity on dynamical
properties are a topic of much interest. Here we introduce a novel approach to analyze such networks
— the lumped hub approximation. Based on the observation that in finite networks a small number
of hubs have a disproportionate effect on the entire system, we construct an approximation by
lumping these nodes into a single effective hub, and replacing the rest by a homogeneous bulk. We
use this approximation to study dynamics of networks with scale-free degree distributions, focusing
on their probability of convergence to fixed points. We find that the approximation preserves
convergence statistics over a wide range of settings. Our mapping provides a parametrization of
scale free topology which is predictive at the ensemble level and also retains properties of individual
realizations. Specifically for outgoing scale-free distributions, the role of the effective hub on the
network can be elucidated by feedback analysis. We show that outgoing hubs have an organizing
role that can drive the network to convergence, in analogy to suppression of chaos by an external
drive. In contrast, incoming hubs have no such property, resulting in a marked difference between the
behavior of networks with outgoing vs. incoming scale free degree distribution. Combining feedback
analysis with mean field theory predicts a transition between convergent and divergent dynamics
which is corroborated by numerical simulations. Our results show how interpreting topology as a
feedback circuit can provide novel insights on dynamics. Furthermore, we highlight the effect of a
handful of outlying hubs, rather than of the connectivity distribution law as a whole, on network
dynamics.

I. INTRODUCTION

Complex networks, their structure and dynam-
ics, have become an indispensable tool for inves-
tigating biological systems [1-3]. Networks pro-
vide a mathematical model for a system of many
interacting components; such models are a cor-
nerstone of computational neuroscience and are
widely used in cell biology to describe genetic
networks, protein interactions, metabolism and
more. Motivated at least partly by these ap-
plications, the mathematical theory of network
analysis has gained general and fundamental in-
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terest and has advanced tremendously in the
past decades. Topics of interest include network
structure and topology; dynamic behaviour such
as fixed points, their stability and their scaling
with network size; robustness of these dynamic
properties to noise and to evolution; and net-
work controllability and information processing
properties [4-7].

One important property of biological networks
that has raised much interest is their hetero-
geneous topology. Analyses of metabolic, pro-
tein interaction, gene regulatory and neural net-
works all show heterogeneous connectivity dis-
tributions, including heavy tails and modular
structure [8-14]. Heterogeneous networks, such
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as those with a broad connectivity distribution,
are generally more difficult to analyze; inferring
their detailed topology requires exceedingly high
statistics. Power-law distributions often provide
a good approximation to such networks, but sta-
tistical difficulties have led to some debate con-
cerning their adequacy [15].

Understanding how heterogeneous connectiv-
ity profiles relate to properties of the associ-
ated dynamical system is a non-trivial theoreti-
cal challenge [16]. One of the main tools to un-
derstand the dynamics of homogeneous random
networks is the use of mean field approximations
[17, 18], which rely on two assumptions — homo-
geneity and a large network size. Corrections for
finite size were made as perturbations around the
thermodynamic limit [19]. Heterogeneity was
approached by dividing networks into homoge-
neous sub-networks [20-23]. It might be benefi-
cial to develop a complementary approach that
does not rely on the usual mean field approxima-
tion or its extensions. We shall see that two com-
mon difficulties of realistic, far-from-ideal net-
works — their heterogeneous structure and finite
size — perhaps surprisingly work together to shed
light on the relation between their structure and
dynamics.

We focus on the probability of random net-
work ensembles to converge to attractors, and
how this probability is modulated by ensemble
topology. Convergence to fixed points is one of
the simplest dynamical behaviors, and hence a
suitable starting point for analysis. Moreover,
stable fixed points have traditionally been linked
to fundamental functional properties of networks
[24-26].

We were specifically motivated by a recent ob-
servation linking topological properties of gene
regulatory networks to their probability of con-
vergence, and to the ability of cells to adapt
to challenges [27]. In this work, Schreier and
colleagues demonstrated in a random network
model, that convergence probability is dramat-
ically larger in networks with Scale-Free Out
(SFO) degree distributions than in their trans-
posed counterparts with Scale-Free In (SFI) de-
grees. This is an intriguing result since the
two transposed ensembles of interaction matri-
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ces share the same eigenvalue statistics. The
difference in the probability of convergent dy-
namics therefore must depend on properties be-
yond the spectrum. This is in contrast to ho-
mogeneous random network ensembles, where
dynamic properties are well predicted from the
spectrum (e.g. the transition between chaotic
and dissipative dynamics [17]).

Here we develop a novel approximation for net-
work ensembles with a broad connectivity distri-
bution, based on the dominant role of a hand-
ful of hubs in a finite network. Identifying such
hubs [28], understanding their impact on net-
work functionality [29], and advancing the re-
lated theory [30] are all active research areas.
By approximating a few hubs at the tail-end of
the distribution by a single effective hub, we map
the problem of heterogeneous network dynamics
to that of a homogeneous network coupled to a
single external node: each SF network is approx-
imated by a single lumped-hub connected to a ho-
mogeneous network of the remaining nodes (the
bulk). Despite the simplification, this mapping
retains many of the properties of the original net-
work ensemble. The new network is parameter-
ized by hub strength and bulk connectivity.

The lumped-hub ensemble can be analyzed by
a combination of mean field approximations and
feedback analysis. This analysis predicts a phase
transition between converging and diverging dy-
namics as a function of the balance between hub
strength and bulk connectivity, which is verified
by numerical simulations. We show that the pre-
diction holds on average for scale-free networks
in a range of parameters relevant to real net-
works. Thus, the role of outgoing hubs can be
considered analogous to that of an external in-
put in overcoming recurrent activity, suppress-
ing chaotic dynamics, and ultimately driving the
system to a stable fixed point.

The success of our mapping suggests that the
existence of dominant hubs and their relative
strength is a predictive property of a given net-
work’s dynamics, possibly more so than the pre-
cise scaling of the distribution from which the
connectivity was sampled. Deviations from the
theory stemming from large variability in scale-
free ensembles as well as corrections to the mean
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field assumption are discussed.

Our results offer a novel framework for analyz-
ing heterogeneous networks, which links insights
from two different angles — internal dynamics of
complex networks and the response to external
input of simpler networks. This approach high-
lights the crucial role of a small number of hubs
in a finite network, in contrast to other quanti-
tative features of the connectivity distribution,
and identifies robust parameters that affect dy-
namics.

II. DYNAMICS WITH SCALE-FREE
NETWORKS: MOTIVATING OBSERVATIONS

In what follows we analyze a model of nonlin-
ear dynamics, often used to describe biological
interactions such as in neuronal or genetic reg-
ulatory networks [24, 31]. Binary dynamic vari-
ables, s; (1 < i < N), approximate the activity
of N individual elements as being in one of two
states: expressed (+1) or repressed (—1) genes,
firing or quiescent neurons. The effect of ele-
ments on one another is described by a weighted
sum of all incoming links:

s(t+1) = sign(Ws(t)), (1)

where W is the N x N connectivity matrix with
real entries giving the strengths of interactions,
drawn from some random network ensemble. It
is a special case of the widely studied Boolean
networks [24, 32, 33|, with the Boolean function
chosen here to be the sign of the inputs’ weighted
sum.

The ensemble from which W is drawn is a cru-
cial ingredient of Eq. (1). To study the effects of
topology on the dynamics, we define W =T o J
as a Hadamard (element-wise) product between
a random topology matrix 7" and a random in-
teraction strength matrix J. The 0/1 adjacency
matrix 7" defines a directed graph, whose edges
are sampled from specified distributions of in-
coming and outgoing connections (see Methods).
The strengths J are i.i.d. Gaussian variables
with zero mean and standard deviation of unity:.

For networks described by a directed graph, in
general, incoming and outgoing degree distribu-
tions, Py, (k), P,y (k), need not be the same. In
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one case of special interest, gene regulatory net-
works, an empirical observation of such dissimi-
larity was reported. Outgoing connections were
found to have a broad distribution consistent
with a power-law: P, (k) ~ k™7, a scale-free
(SF) distribution, while incoming connections
were much more narrowly distributed around the
average [34]. These statistical properties rep-
resent the biological observation that while any
given gene is regulated by at most a handful of
others, some transcription factors can regulate
the expression of up to hundreds of genes in the
cell. These 'master regulators’ are of much in-
terest in cell biology, and have been at the focus
of specific molecular biology studies [35].

In a recent work describing gene regulatory
networks by random interaction matrices, it was
found that networks drawn from ensembles with
outgoing hubs have a much larger probability to
converge to attractors under exploratory adapta-
tion [27]. Ensembles that showed efficient ability
for adaptation also exhibited a high probability
of convergence to a fixed point attractor in their
intrinsic dynamics.

Particularly noteworthy in this context is the
observation that for the transpose random net-
work ensemble, where incoming connections are
broadly distributed whereas outgoing connection
are not, the abundance of fixed point attractors
is decreased dramatically. This result is illus-
trated for the model of Eq. (1) in Fig. 1A
(open circles). For each of the two ensembles
— Scale-Free Out degree distribution (SFO) and
the transposed SFI — the fraction of simulations
converging to a fixed point after a given time
interval was computed; this is used as an esti-
mate of the convergence probability across the
ensemble. The result is presented as a function
of network size for both ensembles. For SFO net-
works a considerable convergence probability is
maintained up to the maximal network size of
N = 5000, whereas for SFI networks this proba-
bility decreases rapidly and is negligible for net-
works with N > 1000. These results are con-
sistent with those of [27], where a model with
continuous dynamics were used, extending the
observation on the two transposed ensembles to
Boolean dynamics.
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FIG. 1. Dynamic properties of Scale-Free-Out (SFO, blue) vs. Scale-Free-In (SFI, red) network ensembles (A)
Convergence probability is shown as a function of network size. Filled circles and solid lines show convergence to frozen cores
larger than 90% of the network; open circles and dashed lines show convergence to fixed points. Each data point represents
an ensemble of 600 networks with random 7', J and initial conditions. (B) Distribution of frozen core sizes (FC) relative to
network size, across the SFO ensemble for N=1500. The distribution is further zoomed near FC=1. SF parameters for both
panels are v = 2.2 and kmin = 1, Binomial parameters are N and p = k/N with k ~ 5 (exact value of k is determined by the

realization of SF distribution. See methods for details).

When simulating these Boolean dynamics, we
noticed that networks often converge to a state
where the vast majority of the nodes are fixed —
“frozen”, while the rest continue to change (Fig.
1B). From a biological perspective these are of
interest as partially fixed states, and mathemat-
ically they have been studied in the context of
general Boolean networks [33]. In what follows
we define a quasi-fixed-point (QFP) as a state in
which most (> 90%) of the nodes are frozen. Fig.
1A (filled circles) demonstrates that the proba-
bility of convergence to a QFP behaves quali-
tatively similar to the corresponding probability
for fixed points over the two ensembles: the re-
markable difference between SFO and SFI en-
sembles and its dependence on network size re-
main the same. This shows that the constraining
effect of outgoing hubs on network dynamics is
not a unique feature of fixed points, but is also
present for weaker notions of convergence.

Our empirical observations rely on conver-
gence of dynamics — and hence is affected both
by the existence of fixed points and by their sta-
bility. In Appendix C we show that networks
from both SFO and SFI ensembles typically have
O(1) fixed points. This suggests that the re-
ported differences between ensembles stem from

stability of fixed points. In the following sec-
tions we develop an approach which enables to
better understand the stability properties of the
two ensembles.

III. THE LUMPED-HUB APPROXIMATION
A finite realization of a power-law connectivity
distribution is dominated by a handful of hubs
connected to a macroscopic fraction of the net-
work. Fig. 2A shows an empirical histogram
of the outgoing connections in an SFO network
with N = 1500, where the largest hubs each con-
nect to ~ 1000 nodes. To capture the properties
of such a network we divide it into a small group
of leading hubs, and the “bulk” — the rest of the
network. The m largest hubs are lumped into
one node preserving its connection to the bulk;
the remaining nodes are substituted by a ho-
mogeneous network with binomially distributed
incoming and outgoing degrees, preserving the
average connectivity. We call this mapping the
“lumped hub approximation”; the resulting net-
work is characterized by the bulk mean connec-
tivity &, and the pattern of connections from the
hub, which depend on both the original network
topology and the lumping parameter m.
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FIG. 2. The lumped-hub approximation. (A) In a finite network with SFO degree distribution, the m largest hubs (gray
shading) are connected to a macroscopic fraction of the network. The histogram shows the number of outgoing connections
from each node. (B) In the lumped-hub approximation of the same network, these are substituted by one effective hub and
the rest of the nodes are approximated by a Binomial network. The connection strengths of the single hub to the bulk are
determined by summing the strengths of the m lumped hubs. The mean degree of the bulk, ks, is retained in the mapping.
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FIG. 3. Dynamic properties of SFO/SFI lumped-
hub approximation. Probability of convergence to a Quasi
Fixed Point (QFP), for SFO and SFI (blue and red filled
circles respectively; same data as in Fig. 1A). Their corre-
sponding lumped-hub approximations are shown in blue and
red open circles, with lumping parameter m = 4. Statistics
and parameters as in Fig. 1.

Despite the crudeness of the lumping approx-
imation, we find that it preserves the dynamic
properties of SF networks at the ensemble level.

Fig. 3 shows that the probability to converge to
a QFP in the approximated networks follows the
same dependence on network size as the original
SF ensembles. In particular, the significant dif-
ference between SFO and SFI, mapped to either
an outgoing or incoming lumped hub, is cap-
tured by the approximation. These results are
presented for a specific SFO ensemble, charac-
terized by a fixed set of parameters (see figure
caption for details).

We next ask whether our lumping approxima-
tion can reproduce the range of different behav-
iors across SFO ensembles with various power-
law distributions. To answer this question we
map a broad range of SFO ensembles to lumped-
hub networks and compare their dynamic prop-
erties. Fig. 4 shows a scatter-plot of conver-
gence probabilities for SFO networks vs. their
lumped-hub approximations. Each point repre-
sents a specific SFO topology realization T', and
the convergence probability is estimated as an
average over realizations of connection strength
J. 1t is seen that the convergence probability is
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largely retained in the mapping across a range of
SF scaling parameter v (Fig. 4A). In addition,
Fig. 4B shows that the distribution of frozen
core (FC) sizes, exhibiting a bi-modal shape de-
pendent on ensemble parameters, is also very
well captured by the lumping approximation.
These results demonstrate that our lumped-hub
approximation describes dynamic properties of
the SFO network ensembles across a broad range
of parameters.

IV. FEEDBACK ANALYSIS FOR THE
LUMPED-HUB NETWORK ENSEMBLE

We have seen that despite its coarseness,
the lumped hub approximation somehow cap-
tures an important feature of SF networks that
strongly affects their dynamics. Can it be har-
nessed to gain a deeper understanding of these
networks?

In particular we are interested in the sig-
nificantly larger convergence probability in the
SFO ensemble compared to the corresponding
SFI. The essence of this difference becomes intu-
itively clear in the lumped-hub approximation.
In lumped SFO networks, the hub coherently
drives a macroscopic fraction of the bulk nodes.
In contrast, in lumped SFI the hub receives a
large number of inputs but only drives a small
fraction ( & kj) of the nodes. Previous work
showed that intrinsically chaotic dynamics of ho-
mogeneous random networks can be suppressed
by a coherent external drive [36]. Although here
the hub is not external to the network, we argue
that a similar suppression effect underlies con-
vergence in SFO networks.

The lumped-hub network is described by two
coupled equations of the bulk and the hub (Fig.
5):

s'(t+1) = sign(W's'(t) + uh(t)) (2)
h(t + 1) = sign(v"s'(t)) (3)

where s’ and W’ denote the bulk activity and
connectivity respectively, the scalar A is the hub
activity and the vectors u, v are the connections
between the bulk and the hub.

6

To facilitate the analysis, we consider a sta-
tistical ensemble characterized by three param-
eters: the lumped hub defines a sparseness «,
the fraction of the network covered by its out-
going connections; and a standard deviation oy,
of the strengths of these connections. The bulk
in turn is characterized by the binomial param-
eter ky, derived from its average connectivity. In
this simplification we lose the precise connectiv-
ity from the hub, which depended on the spe-
cific details of the original SF network. We shall
see that several key properties are nevertheless
captured by the simplified lumped hub ensemble
with the three parameters (o, oy, k).

Consider first an auxililary setting — the “open
loop” setting — where the hub is held at a fixed
value. Effectively, connections from the bulk of
the network to the hub are discarded, and it re-
mains connected only through its outgoing links
(Fig. 5A). The hub then acts as an input to the
rest of the network, a simple situation that can
be analyzed by mean field theory. Formally, we
replace the dynamic variable h by a fixed value
(+1 without loss of generality), namely Eq. (3)
is substituted by h(t + 1) = 1. In this open
loop setting, the regularizing effect of the fixed
input competes with the recurrent dynamics of
the bulk, and we ask under what conditions the
system converges to a fixed point. Later, we
connect the open-loop results back to a fully re-
current network including the hub as a dynamic
variable [37].

To determine whether or not the system con-
verges to a fixed point under input, we consider
the time-evolution of the Hamming distance d(t)
between two bulk trajectories s} (t) and s5(¢). In
the thermodynamic limit N — oo, this evolution
is deterministic and given by some function f(d)
(see Ref. [18] and Appendix A here for deriva-
tions):

d(t+1) = f(d(t)). (4)

The external drive h can suppress chaotic activ-
ity and drive the network to a stable state s* if
and only if d* = 0 is a stable fixed point of the
mapping (4). This, in turn, requires the deriva-
tive of d at the origin, denoted by Vd, to be
smaller than one. We show in Appendix A that,
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FIG. 4. Lumped approximation captures SFO network properties for a range of power-laws. . (A) Probability
of converging to QFP for SFO networks and their respective lumped approximations. For each SFO parameter v (color
coded), 100 topology realizations 7' were drawn, and the convergence probability was estimated from 50 realizations of the
connection strength J and initial conditions z(0). Longer lines denote the direction of the linear fit to each -y, and the size of
the perpendicular segment is the remaining variance after the fit. The line y = = is added for reference (dashed black). (B)
Distributions of frozen core sizes for SFO networks and their lumped approximations for two power-law exponents. All SF
distributions have kmin = 1 and the figure legend shows v (see Methods for more details).
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FIG. 5. Feedback analysis for the lumped-hub network ensemble. (A) conceptual scheme of feedback analysis. The
lumped-hub network contains a single hub (gray) connected to a homogeneous network representing the bulk (green). In the
open loop setting, the hub is clamped to a fixed value while its incoming connections from the bulk are disabled (X). (B)
Mean field theory predicts a threshold value of o5, above which chaos in the bulk network is suppressed and the system is
driven to a stable fixed point. The transition lines are plotted in the (ks , ox) plane for various values of hub sparseness a.
(C) The Probability of converging to a QFP for lumped-hub network ensembles computed as a function of hub strength oy,
for open-loop (top graphs, converging to 1) and closed-loop (bottom, converging to 1/2) settings. Two values of average bulk
connectivity and sparseness are shown: ky, = 3,a = 0.5 (blue) and ky, = 5, = 1 (red). Mean field theory predicts a phase
transition at oerit(kp, @), depicted by vertical lines of the corresponding color. The numerical results (symbols) confirm both
the transition point and the factor of half due to closing the loop. N = 1500, and statistics is obtained from 239 realizations.

within Mean Field Theory (MFT), the condition
for this can be expressed as a threshold on the
hub strength,

with o..; depending on the average bulk connec-
tivity k, and the sparseness a. Fig. 5B shows
this critical line for two values of « in the (o, k)
plane. Importantly, the lines are distinct for dif-
ferent hub sparsity «, demonstrating that input

(5)

Op > Ucrit(kbu O!)
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strength cannot compensate for coverage; these
are two separate properties of the hub that need
to be accounted for correctly in the lumping ap-
proximation.

Fig. 5C illustrates the accuracy of our theory.
Blue and red x symbols show simulated prob-
ability of convergence rising from zero to one
for increasing o, for two value sets of (ky, ),
with the critical values predicted by Equation (5)
(vertical lines in corresponding colors). These
results demonstrate both the qualitative predic-
tion — a (smoothed) transition from zero to one
in convergence probability, and the correct loca-
tion of the transition at the predicted o..;;. We
therefore conclude that MFT adequately mod-
els the open-loop convergence probability. Note
that the critical driving strength increases indef-
initely for large ky, in agreement with previous
results [17, 18].

Returning now to the closed-loop network dy-
namics (2),(3), where feedback to the hub is re-
stored and it is a dynamic variable with incoming
and outgoing connections, we ask whether a sta-
ble attractor under external drive is consistently
maintained as an attractor of the recurrent dy-
namics. Intuitively one may argue that, with
probability 1/2 with respect to the random con-
nections in the ensemble, the clamped value will
be consistent with the hub’s input and the driven
steady-state will also be an attractor of the dy-
namics. However, this intuitive argument only
refers to existence of a closed-loop fixed point,
and does not guarantee its stability. Therefore,
beyond the open-loop stability criterion (5), the
closed-loop setting requires to consider the re-
current dynamics of the hub. As long as the hub
does not flip from its clamped value (h changes
from +1 to —1), open and closed loop system
dynamics coincide.

Consider a state s’, a small distance d = > 0
away from the fixed point s”*. For a stable fixed
point we expect exponential convergence with a
rate Vd. Taking into account the finite size of
the network, we estimate that convergence to a
distance of less than one node (d < N~') takes
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approximately

log(N6)

Teony " —————.
conv log vd (6)

Preserving this stability in the full closed-loop
network requires that the hub does not flip its
sign during the time of convergence:

Tcom; < Tflip‘ (7)

In Appendix D we show that the typical hub
flipping time 7'y, is approximately:

N
T~ —— 8
flip /kh(s ()

which implies that (7) holds for Vd far enough
from the phase transition. Furthermore, it is ar-
gued in the Appendix that even in the proximity
of the critical value Vd ~ 1~ the corrections due
to closing the loop are smaller than the error of
the mean field approximation made in the open
loop analysis. Taken together, these arguments
show that all effects of closing the loop will re-
duce the probability of the system converging to
a stable fixed point by half. Fig. 5C shows this is
indeed the case. Circles depict closed-loop simu-
lations of lumped-hub networks, and the match-
ing lines show the smoothed result for open-loop
divided by two.

V. APPLICABILITY OF FEEDBACK
ANALYSIS TO FINITE SFO NETWORKS

We now return to evaluate the accuracy of our
mean field approximation on the original SF net-
work ensembles. Making the connection between
the theoretical results and empirical simulations
entails two steps: first, for each SF network re-
alization we define the lumped-hub parameters
(k,on, a); second, these parameters are used to
compute Vd in MFT (Appendix A), predicting
convergence for values smaller than one. Impor-
tantly, the first step is not a one-to-one transfor-
mation between the parameters of the SF ensem-
ble and those of the lumped-hub ensemble: due
to the large heterogeneity of SF networks, differ-
ent realizations generally result in widely vary-
ing lumped-hub parameters and consequently in
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broadly distributed values of Vd. An example of
this distribution is shown for one SFO ensemble
in Fig. 6A. In particular, lumped-hub param-
eters across the ensemble are such that Vd is
distributed on both sides of the phase transition
(dashed vertical line, Vd = 1).

Pooling together realizations of different
power-law parameters opens a broader range of
Vd such that comparison to the theory is more
meaningful. We simulated many SFO networks
with a range of underlying power-law parame-
ters and tested the prediction of a transition as
a function of Vd. Fig. 6B compares the theoret-
ical prediction for the convergence probability
(dotted black line) with the pooled simulation
results (blue symbols); despite the pooling of a
highly variable set of simulations, Vd is revealed
as a crucial determinant of convergence. The
smooth sigmoid obtained follows the transition
around the predicted value of Vd = 1. For one
SFO ensemble, the simulations follow the pre-
diction but cover only a small range of Vd (red
symbols). A decrease in convergence probability
is found for very low Vd values, in contrast to the
prediction; this effect will be discussed below.

Empirical convergence probabilities for SF net-
works also depend on network size (Fig. 1).
This dependence can be partially explained by
the lumped-hub approximation: for a given SF
ensemble, we can follow the lumped-hub param-
eters averaged over the ensemble as a function
of network size N. Fig. 6C shows that the av-
erage (ky, 0y,) values progress towards the unsta-
ble regime as the network size increases, while
the sparsity « is much less sensitive to network
size; both these effects are consistent for sev-
eral SF ensembles (colors). The implications of
this trend can be seen in the dependence of con-
vergence probability on network size, shown in
Fig. 6D. Simulation results of SF networks and
their corresponding lumped-hub approximations
are shown together with the theoretical predic-
tion, showing that most of the N-dependency is
captured correctly.

9

VI. LIMITS TO THE LUMPED HUB
APPROXIMATION

The lumped hub approximation relies on the
possibility of decomposing the network into a
hub and bulk nodes. In turn, the phase tran-
sition predicted for lumped-hub networks relies
on this decomposition and its relation to homo-
geneous networks driven by an external input.
This approximation holds for a range of param-
eter values of practical interest. To understand
the limits of validity for which the approxima-
tion breaks down, we consider several conditions
that are required to hold.

First, the most highly connected nodes are be-
ing lumped together to one effective hub. The
approximation thus neglects their internal dy-
namics, which should therefore be of little im-
portance for convergence of the system. Ide-
ally there should exist an interval of lumping
numbers m across which Vd remains largely un-
changed. Fig. T7A shows that this is the case
for SFO networks with v > 2.4. For v = 2.2
we see that Vd depends more strongly on the
choice of m, compromising the stability of the
approximation. Indeed, Fig. 7B shows a large
discrepancy between SF and lumped-hub behav-
iors for v = 2.2.

Second, the network must remain globally con-
nected. For very small mean connectivity, net-
works tend to split into a number of discon-
nected components. In this situation, the prob-
ability of an individual realization converging to
a fixed point drops, while realizations with mul-
tiple fixed points emerge (Appendix C). We be-
lieve that this effect is responsible for the drop
in convergence probability observed at extremely
low Vd (Fig. 6B).

In addition, for the approximation to be rele-
vant, the effective external drive by the hub must
be strong enough. As indicated in Fig. 5B, for
a sparsely connected hub (o = 0.1) the transi-
tion between convergent and chaotic regimes is
almost independent of hub strength. This can
explain the failure of the theory for low « val-
ues, that arise for high ~ values, as exemplified
for v = 2.8 in Fig. 7B.

Finally, by lumping m > 1 dominant hubs into
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FIG. 6. Comparing lumped-hub MFT prediction with SFO simulations. (A) Variability of lumped-hub parameters in
a single SF network ensemble: histogram shows the distribution of Vd as computed by MFT from the lumped-hub parameters,
for a SF ensemble with vou: = 2.4, kmin = 1. Location of MFT predicted phase transition, Vd = 1, is depicted by a black line.
(B) Transition in convergence probability predicted by MFT (black dashed line) and empirical calculation of P, (colored
symbols) with different ki, values in range 0.5 < kmin < 2 and v = 2.2,2.4,2.6. For each set of parameters 256 network
realizations of size N = 1500 were simulated. Simulation results were then binned by Vd with bin width of 0.05. Bins with less
than ten samples were omitted from the plot (restricting the standard error to 0.16 per point). A short red line shows the same
data for the one ensemble with v = 2.4, kpin = 1 only. (C) Effect of network size on average lumped hub parameters k& and
on. Increasing network size causes a gradual shift towards the unstable phase (see Fig. 5B). Sparseness remains approximately
constant (inset). Colors show different vou:. (D) Effect of network size on convergence probability: comparing simulation,
lumped-hub approximation and theory. Empirical data points represent 256 Monte-Carlo realizations for SF with vout = 2.4,

kmin =1.

a single node, we are limited to a single fixed
point of the open-loop system (up to symmetry
of the hub activation). If several combinations
of the m hubs’ states can stabilize the open-loop
system, the possibility of multiple fixed point
pairs in a single realization emerges. According
to [38] and Appendix C such a possibility should
reduce the probability of convergence. This can

partially explain the slight drop below the factor
of 1/2 at Fig. 6B.

VII. DISCUSSION

Broad connectivity profiles are a ubiquitous
feature of networks. Understanding the dynam-
ics arising from such topology, however, remains
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FIG. 7. A. Sensitivity of lumped hub approximation to the number of leading nodes being lumped is shown for 1000 realisations
of scale free topology with fixed parameters kpn,;n = 1, N = 1500, and for three values of vou: = 2.2,2.4,2.6. For each realization,
the Vd at m = 1 is taken as reference, from which the subsequent decrease in Vd is measured B. Figure 6D is replicated for
Yout = 2.2,2.8. In the large 7yout case, the lumped hub model holds, while mean field theory becomes invalid due to extreme
sparseness. For low gamma,ut it is model that becomes inaccurate, due to sensitivity to choice of m.

a great challenge. Guided by intuition from the
physics of phase transitions, much attention has
been given to the scaling of such distributions
with network size (e.g. power-law and scale-free
distributions). Real networks, however, are al-
ways of finite size — and our work highlights the
benefits of focusing on this aspect. Our main hy-
pothesis is that, for finite size networks, a small
number of nodes has a disproportionate effect
on the entire network. We suggest a simplified
model — the lumped-hub approximation — that
makes this hypothesis explicit by lumping these
nodes into a single hub and replacing the rest
of the network by a homogeneous bulk. This is
a novel approach to finite size effects, different
from the standard expansions around very small
or very large networks. As such, it is suitable
for intermediate network sizes, which are usu-
ally difficult to analyze. We showed that the
lumped-hub approximation predicts the behav-
ior of scale free networks at the ensemble level,
explaining the change in convergence probabil-
ity as a function of power-law exponent or net-
work size. Furthermore, the approximation is
also helpful at the single realization level, indi-
cating that a large part of the variability between
scale-free networks stems from the variability in
their effective lumped-hub strength and cover-

age, and in the average bulk connectivity. We
thus propose a three-parameter description of
topology that is more predictive than the gen-
erative SF' parameters.

The simplicity of the lumped-hub network en-
semble, with a homogeneous bulk network and
a single hub connected to all other nodes, allows
analytic treatment of the problem. Specifically
we applied feedback analysis, based on interpret-
ing the hub as an external drive to the bulk, and
then devising a mean field theory to determine
convergence of the system. We then closed the
loop while requiring consistency, allowing us to
analytically estimate the probability for conver-
gence. This analysis explains simply and intu-
itively why networks with outgoing hubs, and
not those with incoming hubs, tend to converge
to fixed points. We showed that, perhaps sur-
prisingly, it is the stability of fixed points, rather
than their abundance that underlies this effect.

The analytic treatment was developed for bi-
nary dynamic variables, but the empirical con-
vergence properties and their dependence on
outgoing hubs are shared also for a continuous
variable model [27]. Therefore it is plausible that
these properties reflect more generally the abil-
ity of outgoing hubs to promote convergence and
to stabilize network dynamics.
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We note the comparison of our results with
previous work on Boolean networks with a ran-
domly chosen Boolean function at each node [39],
which found that the phase transition did not
differ between SFO and SFI networks. By spec-
ifying a threshold function in our work the ef-
fect of a hub becomes coherent among all the
nodes that it influences. In contrast, when ran-
domizing over Boolean functions, the effect of
the hub has no such coherence; it is this coher-
ence which promotes convergence in recurrent
dynamics with large hubs.

Our analysis was based on scale-free connec-
tivity, but should apply for other topologies with
broadly distributed out degree. In fact, our re-
sults indicate that the existence of a small num-
ber of hubs connected to a macroscopic fraction
of the network nodes, rather than the precise
shape of the distribution tail, is a crucial factor
in shaping network dynamical properties. The
existence of one such outgoing (but not incom-
ing) hub was sufficient not only to induce in-
creased convergence to stable attractors, but also
to endow the ensemble with an extremely high
heterogeneity among realizations.

From a biological viewpoint, our results illus-
trate how outgoing hubs — master regulators —
can act as global coordinators of dynamics in
gene regulatory networks. This role is expected
to be realized under strong perturbations, in ad-
dition to the usual role of hubs as regulators
of local specific circuits. Indeed, recent exper-
imental work in bacteria suggests an organizing
role for hubs in the emergence of gene expression
patterns following strong rewiring perturbations
[40, 41]. This idea, suggesting a dual role for the
structure of gene regulation networks depending
on conditions, awaits further experimental and
theoretical investigation.

METHODS

Constructing Samples of Heterogeneous
Network Ensembles. To construct network
samples from an ensemble with a SFO dgree dis-
tribution, the adjacency matrix is constructed by
first randomly sampling a sequence of N degrees

12

from a scale-free distribution, and assigning a
degree, k, from that sequence randomly to each
node in the network. For each such node a set of
k random outgoing connection is chosen. This
procedure results in a scale-free outgoing dis-
tribution and Binomial incoming distribution as
there are no constraint on the incoming distribu-
tion and the choice of incoming degrees is purely
random. SFIT ensembles where constructed by
transposing SFO networks created as described
above.

The scale-free sequences are obtained by a dis-
cretization to the nearest integer of the contin-

— a1V
uous Pareto distribution P(k) = %.

Binomial sequences are drawn from a Binomial

k
distribution P(k) = B(N,p), with p = <N—>, us-
ing MATLAB Binomial random number gener-

ator. Scale-free sequences are implemented by a
discretization of the continuous MATLAB Gen-
eralized Pareto random number generators with
Generalized Pareto parameters k = 1/(y — 1),

c=a/(y—1)and 0 = a.

Probability of Convergence to fixed
points and quasi fixed points. The networks’
frozen cores were determined by running the net-
work dynamics for an initial convergence period
of 4000 time steps, with 10% of networks nodes
being updated at each step, and then measuring
the fraction of nodes which were frozen within
an additional time interval of 1000 steps (alto-
gether 5000 time steps). Some simulations were
run for double the time steps (a of total 10000
time steps, 2000 of which used for determining
frozen core). No detectable difference was ob-
served due to such longer times. Quasi fixed
points were defined as states with a frozen core
larger than 90%, while fixed points are networks
with a frozen core of 100%. The probability of
convergence to a fixed point or quasi fixed point
was calculated by simulating the dynamics of a
an ensemble of 500 networks, unless stated oth-
erwise, and measuring the fraction of networks in
the ensemble which reached the relevant frozen
core criterion.
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APPENDIX

Appendix A: Suppression of chaos in the open-loop
setting

We consider a lumped hub network ensemble
where the effective hub is clamped at a fixed
value and acts as an input to the rest of the
nodes. Formally, we determine whether the in-
put suppresses chaos by following the time evo-
lution of the normalized Hamming distance be-
tween two trajectories s!(¢) and s?(t), denoted
by d(t). Suppose that d(ty) = 1/N, and assume,
without loss of generality, that the states of in-
terest s!, s? differ at the first bit: s] # s? while
s} = 5? for 2 < j < N. At time ty + 1 the
distance d will be determined by the number of
rows in W for which the first element changes its

sign:

d(to + 1) :%g (}Wﬂ!—
(A1)

Equivalently, one may consider the derivative at
the origin of the normalized distance d, given by:

N
Z VVZ']'SJ' + U,

Jj=2

N
Z Wi]’S]’ + U;

j=2

Vd:NPr{|Wﬂ] >

b )

with the condition for stability being Vd < 1.
The inequality in curly brackets can be realized
only if W;; is nonzero; moreover the other matrix
element can be grouped according to the number
of nonzero elements in each row. This grouping
results in the following convenient way to rewrite
the last equation:

N~'Vd = Plsz

k'=0

NPs(K)  (A3)
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with terms P 3 defined as:

P :Pr{m 7Ao} (A4)

P=Pr v, 0 =Kl 1) (49

P; = aPr{|zl| > \/k’+03|22|}—|—
+(1—a)Pr{‘zl‘>\/E|ZQ|} (A6)

Here z1, 2o are i.i.d. normal Gaussian variables,
as follows from the mean field approximation,
and ¢ is an arbitrary row. The terms P; and
P; are determined by the network structure: P;
is simply the sparsity of the Binomial network
which makes up the bulk nodes,
P, = N 'k, (A7)
and the probability of a row in the network hav-
ing exactly &’ nonzero entries is:
Py(k") = Poinom(K', N — 1, N7 'ky). (A8)
The only term which depends on the actual re-

alization of weights is P3. To evaluate it we note
that for a positive scalar n:

Pr{‘zl‘ >77‘22‘} :%arctanl. (A9)

n

To derive this expression, one notes that in the
|z1], |22] plane, we are interested in the portion
of probability mass that lies below the line |z5| =
211 Since the probability density in this plane
only depends on the distance from the origin, we
simply compute the angle between this line and

the |z;| axis and (A9) follows.

Combining all the terms together, and assum-
ing large N, we arrive at:
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2k o
d= = Pyoisson klvk t
\Y - Z A (K", k) (a arctan

k'=0

For @ = 1 and large k;, the sum over k' can
be approximated by its expected value, and tanh
by its argument leading to:

%y, 2k
™k + o2 o’

This expression accounts for the asymptotically
linear relation between k and o at the phase
transition curve in Fig. 5B. Conversely, for
sparse hubs with o < 1 there exists a k,,,,. above
which we have Vd > 1 for any o,.

Vd ~ (A11)

Appendix B: Quasi fixed points

Along with a possibility of converging to a
stable fixed point another scenario exists where
most network nodes are fixed but a small frac-
tion is still toggling.

More specifically, a situation where all nodes
except a small, interconnected clique are frozen
|

Pr{¢;(s) = g(s1,52..5;..58) }

for any Boolean function g. In our case of
threshold network, the condition (C1) is fulfilled
|

pe{o - sen( 3w

for Gaussian matrices W' and W? differing by
inversion of a single element.

Unfortunately, the expectation, without any
higher moments known, does not provide infor-
mation about a typical case. Depending on the
topology T, a typical realization of W might
have M = O(1). Alternatively, there could be

14

1 1
—— + (1 — o) arctan — |, A10
o -a) =) (A10)

(

becomes typical. We refer to such a regime as a
quasi fixed point (QFP). A threshold to define a
QFP was set empirically at a value of 0.9 where
a rise in probability of frozen cores starts (Fig.
1B).

Appendix C: Fixed points are always there,
regardless of topology

Defined by equation (1), our system turns out
to be a special case of the Theorem in Ref. [38]
which states that the expectation EM of number
of fixed points M in random Boolean networks
is one, subject to a condition on the distribution
of random Boolean functions that holds in our
setting. Specifically, to comply with [38] an en-
semble of random Boolean functions ¢;(s) defin-
ing the network dynamics via s;(t+1) = ¢;(s(t)),
must have a set of neutral links, removal of which
renders the network acyclic. Here a link 7 — 4
between a pair of nodes is said to be neutral iff

Pr{¢;(s) = g(s1,52..5;..5n) } (C1)
[
immediately because
N
_Pr {¢i<s> —sign() W;sk)} (c2)
k=1

(

a few exceptional realizations with a huge num-
ber of fixed points while typically M = 0.

For example, for T" = I there are M = 0 fixed
points with probability 1 — 27" and M = 2V
with probability 2. Conversely if T is a cyclic
graph (e.g. cyclic permutation) then with proba-
bility of hal f network has two fixed points and it
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has zero fixed points in the complementary case.
Although it is not immediately clear which sce-
nario is relevant for SF networks, for lumped hub
networks some insights are available.

For a lumped hub network with a strong hub,
such that Vd < 1 in the open loop setting, global
convergence to a stable fixed point s’ = s* is ex-
pected. If the consistency condition associated
with relaxation of clamping of A(t) in (3) is met,
then the closed loop system inherits the fixed
point at s = s*. Moreover, another fixed point
emerges at s = —s* corresponding to a drive of
—1 in the open loop system. Since the aforemen-
tioned condition is met with probability half we
have an expected number of 2 x % = 1 fixed
points in agreement with [38].

In the opposite extreme case of zero drive
from the hub, it follows from mean field the-
ory that the network exhibits chaotic dynamics
with any pair of state-space trajectories becom-
ing asymptotically orthogonal. In particular, to
comply with MFT, distinct fixed points should
be either orthogonal to- or inverse of one an-
other. We assume, without a rigorous proof,
that orthogonality approximately implies inde-
pendence. Namely, events of having a fixed point
at s = s' and at s = s? are statistically indepen-
dent for s* L s?. Now, we recall that fixed points
appear in pairs. Hence the number of pairs of
fixed points is distributed binomially with pa-
rameters n = % = 2N=1 of possible pairs +s* of
a state and its inverse, and a probability p = 27V
that a particular pair of points is fixed. In the
limit of N — oo this distribution converges to
Poisson with parameter A\ = pn = 1

52
M 1
— ~ Poisson | = | .

To validate this theory numerically, we per-
formed an exhaustive search for fixed points in
small, fully connected networks with 16 < N <
22 nodes. For N > 22 an exhaustive search was
not feasible due to computational constraints.
The results, shown in Fig. 8, depict an approx-
imate match to the theory which is not perfect,
with inaccuracies exceeding the standard error.
We attribute these inaccuracies to the finite size
of the networks, emphasizing that orthogonality

(C3)
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FIG. 8. Probability of a given number of fixed points. '+’
— theoretical prediction. o and ¢ — empirical estimates for
networks of size N = 16 and 19 based on 10* and 10® Monte
Carlo tries respectively.

of chaotic trajectories upon which our theory is
built, is not achieved, even approximately, for
values of N small enough for exhaustive search.
Future work may include numerical experiments
with larger and sparser networks using advanced
search algorithms e.g. the method of [42].

For intermediate values of o, the picture is
more complicated. Chaos is not suppressed but
the symmetry between +s is broken by the drive
(in the open loop setting only, since once the loop
is closed symmetry is restored). For o5, < 1 one
might repeat our reasoning for o, = 0, this time
with single fixed points rather than pairs thereof,
and therefore with (C3) being replaced by:

M ~ Poisson(1). (C4)
Numerical observations on small networks re-
ported in table I tell us that while a sharp transi-
tion in the distribution of fixed points is observed
once a drive is introduced, the distribution of M
does not immediately match (C3). Here again
we tend to attribute such a discrepancy with the-
ory to finite size effects compromising the fixed
point orthogonality.

To conclude, we present a strong evidence,
that the event of having a fixed point in the set-
ting (1) has probability of order one and it is the
fixed point stabilities rather than their existence
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on | M: 0 1 2 3 4 5
0 0.679 0 0.206 0 0.069 0
0.1 0.563 0.205 0.097 0.048 0.028 0.020
0.5 0.505 0.248 0.117 0.062 0.027 0.025
1.0 0.435 0.305 0.149 0.065 0.024 0.008
3.0 0.279 0.481 0.185 0.043 0.009 0
10.0 0.112 0.780 0.095 0.012 0.001 0
Al x: 0 1 2 3 4 5

% 0.607 0 0.303 0 0.076 0

1 0.607 0.304 0.076 0.013 0.002 2 x 10~*

TABLE I. Numerical estimates for the distribution of M are
shown as a function of external drive strength for ensemble of
dense random networks of size N = 16 with elements gaussian
i.i.d. Random gaussian drive is scaled by o,. Poisson distri-
bution with parameter A =1, % are provided for reference.

that determines the convergence probabilities of
dynamical numeric simulations like in Fig. 1.

Remarkably, this result is opposed to a case
of continuous activation function (e.g. tanh)
where an exponentially large amount of fixed
points appear in the chaotic regime [43]. While
an in-depth analysis of these settings in beyond
the scope of the current work, we hypothesize
that the difference between tanh and sign non-
linearities follows from a fixed point at zero,
which exists in the former case but is absent in
the latter one.

Appendix D: Estimation of hub flipping time in
perturbed closed loop network

To obtain a, fairly coarse, lower bound on 1%,
one may argue as follows: the hub has approxi-
mately k, = m(k) = O(1) incoming connections
whose weighted sum determines its sign. Let Hy,
denote the set of these nodes. Given a random
perturbation of magnitude § < 1 to the fixed
point s* the probability for a single node in Hy,
to be flipped is

k
p1 = Pr{single flip in H;,} = 5Nh <1 (D1)

16

and the probability of ¢ flips is p, = pi =
O(6?N~9) which can be neglected for small J.
Finally, by the arguments of Appendix A, the
probability that the hub will flip due to a single
node flip is %arctanﬁ and consequently, the

flip rate is given by:

kp 2 1
Pr {hub flips} = § —— arctan ——. D2
r {hub flips} Nﬂarcan\/k_h (D2)
This corresponds to a typical flip time of:
N
(D3)

Ti ~N —
flip \/k_h5

Hence, stability condition (7) clearly holds for
—log Vd of an order of one.

Even in the critical regime, where logV — 0
is approached, condition (7) translates into

kyo
1-Vd> \/jg log 6N (D4)
which for our typical setting of N = 1500,

< kp >~ 20, and a reasonable small perturbed
fraction of 6 = 0.1 of the nodes translates into a
requirement of:

1-Vd<15x107° (D5)

This is very close to criticality compared to
other effects that may dominate inaccuracy of
mean field calculations even in open loop setting.
(Compare to Fig. 5 that depicts open loop and
closed loop setting, and Fig. 6 which includes
plot of convergence probability vs. Vd).

[1] Leland H Hartwell, John J Hopfield, Stanislas Leibler,
and Andrew W Murray. From molecular to modular cell
biology. Nature, 402(6761supp):C47, 1999.

[2] Albert-Laszlo Barabasi and Zoltan N Oltvai. Network
biology: understanding the cell’s functional organization.
Nature Reviews Genetics, 5(2):101, 2004.

[3] Uri Alon. Network motifs: theory and experimental ap-
proaches. Nature Reviews Genetics, 8(6):450, 2007.

[4] Steven H Strogatz. Exploring complex networks. nature,
410(6825):268, 2001.

[5] Réka Albert and Albert-Laszlé Barabési. Statistical me-
chanics of complex networks. Reviews of modern physics,


https://doi.org/10.1101/696575
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/696575; this version posted July 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

74(1):47, 2002.

[6] Mark EJ Newman. The structure and function of com-
plex networks. SIAM review, 45(2):167-256, 2003.

[7] Stefano Boccaletti, Vito Latora, Yamir Moreno, Martin
Chavez, and D-U Hwang. Complex networks: Structure
and dynamics. Physics reports, 424(4-5):175-308, 2006.

[8] Guido Caldarelli. Scale-free networks: complex webs in
nature and technology. Oxford University Press, 2007.

[9] Raissa M D’Souza. Complex networks: Structure comes
to random graphs. Nature Physics, 5(9):627, 2009.

[10] Danny Eytan and Shimon Marom. Dynamics and effec-
tive topology underlying synchronization in networks of
cortical neurons. Journal of Neuroscience, 26(33):8465—
8476, 2006.

[11] Gyorgy Buzsdki and Kenji Mizuseki. The log-dynamic
brain: how skewed distributions affect network opera-
tions. Nature Reviews Neuroscience, 15(4):264, 2014.

[12] A. Statman, M. Kaufman, A. Minerbi, N. E. Ziv, and
N. Brenner. Synaptic size dynamics as an effectively
stochastic process. PLoS Comput Biol, 2014.

[13] Boris Barbour, Nicolas Brunel, Vincent Hakim, and
Jean-Pierre Nadal. What can we learn from synap-
tic weight distributions? TRENDS in Neurosciences,
30(12):622-629, 2007.

[14] Jun-nosuke Teramae and Tomoki Fukai. Computational
implications of lognormally distributed synaptic weights.
Proceedings of the IEEE, 102(4):500-512, 2014.

[15] Gipsi Lima-Mendez and Jacques van Helden. The pow-
erful law of the power law and other myths in network
biology. Molecular BioSystems, 5(12):1482-1493, 2009.

[16] Baruch Barzel and Albert-Ldszl6 Barabdsi. Universal-
ity in network dynamics. Nature physics, 9(10):673-681,
2013.

[17] H. Sompolinsky, A. Crisanti, and H. J. Sommers. Chaos
in random neural networks. Phys. Rev. Lett., 61:259-262,
Jul 1988.

[18] Edward Wallace, Hamid Reza Maei, and Peter E
Latham. Randomly connected networks have short tem-
poral memory. Neural computation, 25(6):1408-1439,
2013.

[19] G Parisi, F Ritort, and F Slanina. Several results on
the finite-size corrections in the sherrington-kirkpatrick
spin-glass model. Journal of Physics A: Mathematical
and General, 26(15):3775, 1993.

[20] M. Stern, H. Sompolinsky, and L. F. Abbott. Dynamics
of random neural networks with bistable units. Phys.
Rev. E, 90:062710, Dec 2014.

[21] Johnatan Aljadeff, Merav Stern, and Tatyana Sharpee.
Transition to chaos in random networks with cell-type-
specific connectivity. Phys. Rev. Lett., 114:088101, Feb
2015.

[22] Sergey N Dorogovtsev, Alexander V Goltsev, and
José FF Mendes. Critical phenomena in complex net-
works. Reviews of Modern Physics, 80(4):1275, 2008.

[23] Romualdo Pastor-Satorras, Claudio Castellano, Piet
Van Mieghem, and Alessandro Vespignani. Epidemic pro-
cesses in complex networks. Reviews of modern physics,
87(3):925, 2015.

[24] Stuart A Kauffman. The origins of order: Self-
organization and selection in evolution. Oxford Univer-
sity Press, USA, 1993.

[25] Sui Huang, Gabriel Eichler, Yaneer Bar-Yam, and Don-
ald E Ingber. Cell fates as high-dimensional attractor
states of a complex gene regulatory network. Physical

17

review letters, 94(12):128701, 2005.

[26] Daniel J Amit. Modeling brain function: The world of
attractor neural networks. Cambridge university press,
1992.

[27] Hallel I Schreier, Yoav Soen, and Naama Brenner. Ex-
ploratory adaptation in large random networks. Nature
Communications, 8, 2017.

[28] Chung-Yen Lin, Chia-Hao Chin, Hsin-Hung Wu, Shu-
Hwa Chen, Chin-Wen Ho, and Ming-Tat Ko. Hubba:
hub objects analyzera framework of interactome hubs
identification for network biology. Nucleic acids research,
36(suppl_2):W438-W443, 2008.

[29] Elena Zotenko, Julian Mestre, Dianne P O’Leary, and
Teresa M Przytycka. Why do hubs in the yeast protein
interaction network tend to be essential: reexamining the
connection between the network topology and essential-
ity. PLoS computational biology, 4(8):¢1000140, 2008.

[30] Uzi Harush and Baruch Barzel. Dynamic patterns of
information flow in complex networks. Nature commumni-
cations, 8(1):2181, 2017.

[31] John J Hopfield. Neural networks and physical systems
with emergent collective computational abilities. Pro-
ceedings of the national academy of sciences, 79(8):2554—
2558, 1982.

[32] Maximino Aldana, Susan Coppersmith, and Leo P
Kadanoff. Boolean dynamics with random couplings. In
Perspectives and Problems in Nolinear Science, pages 23—
89. Springer, 2003.

[33] Barbara Drossel. Random boolean networks. Reviews of
nonlinear dynamics and complexity, 1:69-110, 2008.

[34] Nabil Guelzim, Samuele Bottani, Paul Bourgine, and
Frangois Képes. Topological and causal structure of the
yeast transcriptional regulatory network. Nature genet-
ics, 31(1):60, 2002.

[35] Trevor L Davis and Ilaria Rebay. Master regulators in
development: Views from the drosophila retinal deter-
mination and mammalian pluripotency gene networks.
Developmental biology, 421(2):93-107, 2017.

[36] Kanaka Rajan, L. F. Abbott, and Haim Sompolinsky.
Stimulus-dependent suppression of chaos in recurrent
neural networks. Phys. Rev. E, 82:011903, Jul 2010.

[37] Alexander Rivkind and Omri Barak. Local dynamics in
trained recurrent neural networks. Physical review let-
ters, 118(25):258101, 2017.

[38] Fumito Mori and Atsushi Mochizuki. Expected number
of fixed points in boolean networks with arbitrary topol-
ogy. Phys. Rev. Lett., 119:028301, Jul 2017.

[39] Maximino Aldana. Boolean dynamics of networks with
scale-free topology. Physica D: Nonlinear Phenomena,
185(1):45-66, 2003.

[40] Rebecca Baumstark, Sonja Hanzelmann, Saburo Tsuru,
Yolanda Schaerli, Mirko Francesconi, Francesco M Man-
cuso, Robert Castelo, and Mark Isalan. The propagation
of perturbations in rewired bacterial gene networks. Na-
ture communications, 6:10105, 2015.

[41] Yoshie Murakami, Yuki Matsumoto, Saburo Tsuru, Bei-
Wen Ying, and Tetsuya Yomo. Global coordination in
adaptation to gene rewiring. Nucleic acids research,
43(2):1304-1316, 2015.

[42] Nikolaos Berntenis and Martin Ebeling. Detection of at-
tractors of large boolean networks via exhaustive enumer-
ation of appropriate subspaces of the state space. BMC
bioinformatics, 14(1):361, 2013.

[43] Gilles Wainrib and Jonathan Touboul. Topological and


https://doi.org/10.1101/696575
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/696575; this version posted July 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license. 18

dynamical complexity of random neural networks. Phys.
Rev. Lett., 110(11):118101, 2013.


https://doi.org/10.1101/696575
http://creativecommons.org/licenses/by/4.0/

