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NORTHEAST
BLACKOUT

5.5 x 107 People affected
102 Fatalities
6 x 10° USD in damages




Crucial role of networks
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Going beyond mapping
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The challenge of networks

Statistical physics comfort zone: Where real networks are:

Each node has

k spans
k = 6 nearest

orders of
neighbors magnitude
* Low dimensional » Disordered and weighted (for now: positive)

« Symmetric structures (lattice or lattice-like) » Heterogeneous — Hubs and small nodes

Finite dimension: (d) ~ "™%/N Small world (infinite dimension): (d) ~ logN

Degree distribution: bounded P(k) ~ e~ Degree distribution: scale free P(k) ~ k™

Hamiltonian dynamics Nonlinear dynamics (sometimes hidden)




Dynamics layer

x;(t) —» Activity

N
dx;
dr = MoGe) + ) AyMy () Ma(x)

Jj=1

A;; Weighted, directed fopology

x;(t) Concentration, Infection
probability, Species abundance

Mgy, My, M, Intrinsic nonlinear
interaction mechanisms

Gao, Barzel, Barabasi. Nature 530, 307 (2016) « Barzel, Barabasi. Nature Physics 9, 673 (2013)



Dynamics layer

x;(t) - Activity

dxl-

N
qr = MoGe) + ) AyMy(x) My(x))
j=1

Gao, Barzel, Barabasi. Nature 530, 307 (2016) « Barzel, Barabasi. Nature Physics 9, 673 (2013)



rnnging networks to life

A My (x), M1(x), M5(x)

patterns of information spread



Information flow in complex networks

> X; + Axl(t)
signal response

Response patterns to fixed-point
perturbations

Nature Comm. 6, 7186 (2015) e Nature Physics 9,673 (2013) e Nature Biotech. 31, 720 (2013)  Phys Rev E 80, 046104 (2009)



Information flow in complex networks

WhenT(j — i)
Where ll](t)
How strongly Ax;
e How (TUTU)

A

é T; A
ij
Axi

Nature Comm. 6, 7186 (2015) e Nature Physics 9,673 (2013) e Nature Biotech. 31, 720 (2013)  Phys Rev E 80, 046104 (2009)



Spatiotemporal
propagation

2 & Cs

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



The zoo of propagation patterns

Interaction mechanisms

m‘, &éﬁ? .@,‘?‘ ﬂ“?

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



The zoo of propagation patterns

Interaction mechanisms
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Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



The zoo of propagation patterns

Interaction mechanisms
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Topology

Time

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



The zoo of propagation patterns

Interaction mechanisms

20 & O - o 1N

E ' e ®
E
' ,;’x, o £ o 3 ®
\V ...0 4 5"0
. v -
t ~101 t ~ 104 t ~ 102

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Taming the zoo of propagation patterns

Individual node response time

Signdl . }? T;:
) l < !
dxi

k; Node i's weighted degree
7; Node i’s individual response time

Ti"’kie

A node'’s intrinsic response time scales
with its weighted degree

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Why should you care?

Ti"’kie

Diverse & unpredictable
S & % ¥ 3 MY

Time

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Why should you caree

How do we obtain the exponent 8¢

i My + ,Z AyM (x;) M2(x;)
B M; (x)
R(x) = Mo (x)
~1
Y(x) = (d(Ml(;iR(X))>
‘ 5 Y(R_l(x)) _ Z Cnxr(n) —_—

Why should you care:

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Universality

'l'i"’kie

Diverse & unpredictable
S & % ¥ 3 MY

Time

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Dynamic insight

. Dynamic determinant
gesponse Hime -— 0/7 Mapping topology info
ynamic ’l'i ~ k dynamics

observable of [
interest. /

Weighted degree
Known topological
element

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Network GPS — how signals navigate the network

Freeway
06>0
Hulbbs
Bottlenecks

Traffic jam

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Network GPS — how signals navigate the network

Freeway
6>0
Hulbs
Botftlenecks
Traffic jam
Traffic jam
6<0
Hubs
Free flow
Freeway

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Network GPS — how signals navigate the network

s & *wE Ty L

Time

Naive ‘/’////)7

layout

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Network GPS — how signals navigate the network

ey & & Fp 3

Time

Naive v AR 2i;:\w 3
layout
Our GPS
L ® ° ° ® °

prediction

~

Time

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Same topology — different spreading rules

e [IER
6>0 >0 WSk
Hulbs
dramatically 3 "
slow down 5 I & E
. i
propagation _— =

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



Same topology — different spreading rules

fo @ My & W

0>0 S o mw e W | e<o
Hulbs Hubs speed
dramatically & " & - up the
slow down ~ S w9 S| |propagation

. - N~ o 5 :

propagation — - % ; I

Ultra-slow Rapid -~ Ultra-fast

(T) ~ N (T) >logN (T) ~ Const

7z

Different interpretations of scale-freeness. All boiled down to a single
analytically predictable parameter 6

Hens, Harush, Haber, Cohen & Barzel. Nature Physics 15, 403 (2019)



U. Harush and B. Barzel. Nature Communications 2181 (2017)



Information flow

X, + Ax,, —> x;+ Ax;(t) —> x,,+ Ax,,(t)

signal mediation response

U. Harush and B. Barzel. Nature Communications 2181 (2017)



Information flow

|—> Freezing

X, +Ax, — x;+ A%(t) —> X, + Ax,f,il}(t)
signal mediation response

U. Harush and B. Barzel. Nature Communications 2181 (2017)



The zoo of information flow patterns

(a) (b) (c) (d) jrar (e) U]
o (o o o (o
(9) (h) ) 1)) (k) ()
o - o T o’ =g e i O > O >
(n) Human PPI (©) UClonline (p) Human PPI (q) ECQ.I (r) Human PPI
A A A TN
(s) ECO2 (t) Yeaét_ PPI (u) Email Epoch (v) Ye;ggt. PPI (w) ECOZ (X) Yeast PPI
o . e, e o ol & % R

U. Harush and B. Barzel. Nature Communications 2181 (2017)




Taming the zoo of information flow patterns

Node/link flow
Dynamic function <G
of interest.

w—1
Fi~ ki,outki,in

1
Fij ~ Aijki,outk§ K

i,in ""j,in

—F, Tij' kin/out' W, €—|_>

!

Weighted in/out degrees
Known topological elements

Dynamic
determinants
Mapping topology into
dynamics

U. Harush and B. Barzel. Nature Communications 2181 (2017)



Hhezoo universal information flow patterns

1 (n) Human PPI (0) UClonline (p) Euman PPl (q) ECOI (1) Human PPI
e, -
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U. Harush and B. Barzel. Nature Communications 2181 (2017)




Universal classes of information flow patterns

w—1

i,in
-1 f
in kj,in

'outk' .
§
i,

Ti ~ kl,
Fij ~ Ajjk; outk;

Peripheral

Egalitarian

Hub centric

U. Harush and B. Barzel. Nature Communications 2181 (2017)



Flow analysis in Glycolysis:
what is a biological network?e

£ il

C+S1+S22CS=C+P

dx.
dr
dx
TSI = _I‘fxcxsrxsz+ k,xcs

dx,,

ar =_k|xcx51xsz+k,xcs

dx,

ths =—K X X5Xs, — K Xcs —KearXcs
dx

Ttp =Kot Xcs

==k XXX + K, Xes Ko X s

Modules

Metabolism: Designed to
push the mean
information flow
towards zero.

Output (response)
independent of Input
(perturbation)

Modules -

|_"—'l_ll_l
I

U. Harush and B. Barzel. Nature Communications 2181 (2017)




Dictionary of network dynamics

Interaction ‘
mechanisms Dynamic
® ) determinants
— ho i~ ki Dynamics
s I~ K

2 R
+ Clalah r(l) = e B«
o o

ﬁf%% 174%1
Betr = TTA1

@ = Si,outsl{in

‘Ti]' - Si,outsg_lsg_2

i,in*j,in




Recoverabillity

H. Sanhedrai, J. Gao, M. Schwartz, S. Havlin and B. Barzel. Nature Physics (In press)



Dynamic transitions

X1
9
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n
)_(0 S~
Topology

J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Dynamic transitions

X1
9
O
n
)_(0 S~
Topology

J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Dynamic transitions

X1
9
O
n
)_(0 S~
Topology

J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Dynamic transitions

X1
9
O
n
)_(0 S~
Topology

J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Dynamic transitions

X1
9
O
n
)_(0 S~
Topology

J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Dynamic transitions

X1
9
O
n
)_(0 S~
Topology

J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Dynamic transitions

X1
9
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n
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Topology

J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Dynamic transitions - irreversible

X1
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J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Dynamic transitions - irreversible
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Dynamic transitions - irreversible

X1
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Topology

J. Gao, B. Barzel and A.-L. Barabasi. Nature 530, 307 (2016)



Reigniting the network activity

p(1)

X1
9
O
) I
)_(0 """ - -
Topology

H. Sanhedrai, J. Gao, M. Schwartz, S. Havlin and B. Barzel. Nature Physics (In press)



The recoverable phase

Recoverable

Can you reignite a failed
system by controlling just
one node?

Inactive

H. Sanhedrai, J. Gao, M. Schwartz, S. Havlin and B. Barzel. Nature Physics (In press)



The recoverable phase

Recoverable

H. Sanhedrai, J. Gao, M. Schwartz, S. Havlin and B. Barzel. Nature Physics (In press)



The recoverable phase

Recoverable

H. Sanhedrai, J. Gao, M. Schwartz, S. Havlin and B. Barzel. Nature Physics (In press)



The recoverable phase

Single node reigniting —
reviving the failed system by
activating one node

Recoverable

Inactive

H. Sanhedrai, J. Gao, M. Schwartz, S. Havlin and B. Barzel. Nature Physics (In press)
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