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Presentation Notes
�We all have our theories of the origin of this mess. And we may also differ in the way we would like to see the solutions. But we all agree on one thing– it is the incerconnectedness of the system that is at the heart to wash away the problem with a single instruction.
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Presentation Notes
5 sec: Our very existence is governed by cellular networks, that capture the thousands of genes that work together seamlessly,  as seen in this image, showing the protein interactions in human cells, and the role of these links in human diseases.These systems may look random at first, but upon close inspection display endless signatures of order and self-organization. Network science, a new discipline, in the past years has revealed many of the laws that govern them.



Understand

quantify

predict

control

Presenter
Presentation Notes
15 sec: But what do we mean UNDERSTANDING A  COMPLEX SYSTEM? As a scientist I believe that complex systems can be quantified, predicted, and eventually controlled. We have made important advances in the first two categories: we are now able to measure many properties of complex systems, and we have tools to predict their properties.  But what do we really mean by control? 



Control Theory

David G. Luenberger
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Out motivation is very simple but quite ambitious. *1. *2. In other words, are some networks easier to control than others? Those two questions cannot be addressed ten years ago, simply because at that time we had neither data nor mathematical tools to analyze complex networks. 



A system is controllable if it can be driven from any initial 
state to any desired final state in finite time.

Presenter
Presentation Notes
Roughly speaking, it denotes our ability to move a system around in its entire state space using only certain admissible manipulations
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15 SEC: A typical car has about 5000 components. Yet, we rarely think about the need to control each of them independently.Rather, we can rely on three key components: The steering wheel, the gas pedal and the break, to get us anywhere where the car can go.
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Presentation Notes
		15 We set in motion hundreds of components when we change the state of these variable, by pushing on the gas, for example, or moving the steering wheel. Yet, we are not aware of most of them. That is, because the car is build to be controllable from these three components– there are no loose components, no wheels or pistons that can choose the live their separate lives.
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30: What, however, if you are asked to solve the inverse problem: you are given the car’s electrical and mechanical wiring diagram. You know nothing about how the car works. Just arrived from Mars, never seen one. But you need to figure out which are the control nodes. Would you be able to ever identify the steering wheel, the gas pedal and the break as being the three control nodes of the system? �This is not such a far-fetched question, however. http://www.bigcee.com/faq/KLR650-color-wiring-diagram.jpg
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10 This is what control theory is supposed to answer for as. And recently figured out just how to do that– if given a wiring diagram of a complex system, we developed the tools to identify the driver nodes. 



• Linear Time-Invariant Dynamics

R. E. Kalman, J.S.I.A.M. Control (1963)

 Kalman’s Rank Condition: 
A system is controllable iff its 
controllability matrix has full rank.

LINEAR SYSTEMS Kalman’s Controllability Condition

Presenter
Presentation Notes
Let’s consider a simple linear system, ... Here, X...,u...,A... (in the context of network, it is just the wiring diagram of the system, generally it is the transpose of the weighted adjacency matrix of the directed network), B... Thanks to Kalman’s rank condition, we know that ......  The rank of a matrix A is the number of linearly independent rows or columns of A. Since the column rank and the row rank are always equal, they are simply called the rank of A.[1] It is commonly denoted by either rk(A) or rank A.



Yes YesNo

EXAMPLES: Controllable or not controllable? 

Problem: The Kálmán condition does not identify the control 
nodes. 

It only tells us if our guess is correct. 
Finding the control nodes requires 2N operations



Difficulties
1. Parameters (link weights): usually unknown.

e.g. gene regulatory network, Internet, etc.

2. If brute-force search: (2N-1) combinations.

3. Kalman’s rank condition is hard to check for large system.



• What’s the minimum number of 
driver nodes (ND)?

• How to identify them?
• Which network characteristics 

determine ND? 



Maximum matching :
a matching of the largest size.

Matching

Perfect Matching

Network

Lovász, L. & Plummer, M.D., Matching Theory

Matching :
a set of edges without 

common vertices.



Maximum matching

Perfect Matching

unmatchedmatched

Directed Network

Matching:  a set of edges without common heads or tails.

Minimum Input Theorem:  Driver nodes = Unmatched nodes

Y.-Y. Liu, J.-J. Slotine, A.-L. Barabási, Nature  (2011)

MATCHING IN DIRECTED NETWORKS:
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Perfect matching: there are no unmatched nodes.



network Maximum matchingcontrolled network

Brute-force search 
O(2N)~1030 for N=100.
Hopeless!

Hopcroft-Karp Algorithm
O(N1/2L) Polynomial!
Fast even for N~106.

Y.-Y. Liu, J.-J. Slotine, A.-L. Barabási, Nature (2011)

EXAMPLES: Identifying the driver nodes
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10 SEC: How would you identify the individuals that matter if you are given the real social network behind a company that are chosen to lead?
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30: We can now apply control theory to these systems, identifying who are the control nodes–the people who really drive the company. First I am letting vibrate the individuals who are NOT the control nodes– and you can see, that most individuals are in this category. Including higher management.So now we have the tools to identify the nodes through which you can take a complex system in any desired direction. The question is, what do you with this knowledge? How will you exploit it to take your system, biological, social, or technological, in the direction where you want to go?�
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30: We now highlight in red the individuals who really control the system. As you can see on this map, they are often the hubs, but not always. Almost none of them is in the higher management, however.  But what matters, however, is that we have the tools to address such a complex problem as control in networks. We did not stay at social networks– we applied the tools of control theory to a wide range of networks. So I will leave you with one of the startling conclusions:



Sensory 
input

Actuators to 
be 

controlled

Control 
system

C Elegans: Light Body Touch Circuit






C Elegans: Light Body Touch Circuit

Yan, Vertes, Towlson, Chew, Walker, Schafer, Barabási, Nature (2017) 



C Elegans: Light Body Touch Circuit



Yan, Vertes, Towlson, Chew, Walker, Schafer, Barabási, Nature (2017) 
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DD class--- its removal as a  class leads to uncoordinated motion.
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Yan, Vertes, Towlson, Chew, Walker, Schafer, Barabási, Nature (20
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DD class--- its removal as a  class leads to uncoordinated motion.
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The vast majority of 
neurons, if ’ablated’  do not 
alter muscle controllability.

Of 279 neurons, only 12 
neuronal classes affect 

muscle control.

Yan, Vertes, Towlson, Chew, Walker, Schafer, Barabási, Nature (20
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DD class--- its removal as a  class leads to uncoordinated motion.



Neuron classes indispensable for network control (predictions)
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We predict all KNOWN 12 classes of neurons. Interestingly, we also predicted ONE MORE neuron, PDB, that is NOT on this list, becouse it is not known that its removal would affect locomotion.
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Yan, Vertes, Towlson, Chew, Walker, Schafer, Barabási, Nature (2017) 
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Yan, Vértes, Towlson, Chew, Walker, Schafer, Barabási, Nature  (201



Ablation effects of neuron classes on locomotion



Structure matters: 
Robustness
Spreading processes
Controllability
Observability

Network Science: Structure determines function.

BarabasiLab.com
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If you are a physicist, I do not have to convince you that networks matter. Those of us who immersed part of our careers in solid state physics, are quite familiar with the conaquences of networks. Let me just remind you through a simple example: carbon vs diamond.
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Presentation Notes
First of all, I would like to thank my collaborator and advisor : Prof. Slotine  and Prof. Barabasi, who conceived and designed this ambitious and interesting project. I learned a lot through the whole process. So thanks a lot.



We are looking for new lab members!

Talk to me if interested, or email: barabasi@gmail.com
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