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Appendix A: Accomplishments 
 
By addressing accomplishments, specifically what was done and what was learned, 
allows DTRA to assess the progress has been made during the reporting period. In all 
cases, if there is nothing significant to report during this reporting period, the awardee 
shall state "Nothing to Report".  
 
In the Accomplishments Section, the PI must address the following five (5) questions:  
 
1. What are the major goals of the project? 
List the major goals and objectives of the project. In cases where the goals or objectives 
are different from the original plan or the previous reporting period, provide the updated 
goals and objectives and a discussion of the reason for the change.  
 
Write your responses in here. 
Understand the fundamentals of human mobility, to help us uncover the impact of a 
WMD attack on the population. Develop analytical tools to study the controllability of an 
arbitrary complex directed network. Identify the minimum set of driver nodes to control 
the whole network. Study which network characteristics determine the controllability.  
 
Examine the efficiency and stability of ranked results returned by various ranking 
methods, such as Google’s pagerank. Based on numerical results, identify main 
topological network features affecting ranking stability. Develop an analytical approach 
to quantify the stability of ranked results (or lack thereof) and provide guidelines for 
improvement. 

 
2. What was accomplished under these goals? 
For this reporting period describe: 1) major activities; 2) specific objectives; 3) 
significant results, including major findings, developments, or conclusions (both positive 
and negative); and 4) key outcomes or other achievements.  
Write your responses in here. 
 
Write your response in here. 
 
Human Mobility 
Some of  our early work on this grant pertained to human mobility, resulting in a number 
of fundamental discoveries, reported in several Nature and Science publications, with 
several key findings: 
 
1) A range of applications, from predicting the spread of human and electronic viruses to 

city planning and resource management in mobile communications, depend on our 
ability to foresee the whereabouts and mobility of individuals. Also, for DTRA the 
need to understand the impact of a WMD of physical, chemical or biological nature, 
requires us to know where people are and how they move around. This raises a 
fundamental question: To what degree is human behavior and mobility predictable?  



 
2) We explored the limits of predictability in human dynamics by studying the mobility 

patterns of anonymized mobile phone users.  
 
3) We find a 93% potential predictability in user mobility across the whole user base. 

Despite the significant differences in the travel patterns, we find a remarkable lack of 
variability in predictability, which is largely independent of the distance users cover 
on a regular basis. 

 
Network Controllability 
1) We show that mapping the control of a complex system into structural control allows 

us to make progress even if the link weights are unknown. Using this tool, we can 
identify a set of driver nodes that can control the whole system, which is our first key 
result. 

2) We find, rather surprisingly, that the number of driver nodes is determined mainly by 
the network’s degree distribution, which is our second key result. It allows us to 
analytically calculate the number of driver nodes for networks with arbitrary degree 
distribution using the cavity method, developed in statistical mechanics. 

3) Using a combination of analytical and numerical tools, we show that controllability is 
determined by two network characteristics: average degree and degree heterogeneity.  

4) We show that controllability is rather robust to link failures, allowing us to map the 
robustness problem into percolation, and thus calculate its dependence on network 
parameters. 

5) Finally, we apply these tools to a wide range of real networks, arriving to the 
unexpected conclusion that sparse and degree heterogeneous networks are the most 
difficult to control, which are exactly the characteristics that are found in many 
complex systems, from the cell to the Internet. We also show that in most real 
systems most links can be re-moved without affecting our ability to control the whole 
system. 

 
Centralized vs distributed control (Nature Communications). 
1) We introduced tools to identify the driver nodes, nodes through which we can achieve 

full control, predicting the existence of multiple control configurations. Thus  
prompted us to classify each node in a network based on their role in control.  

2) A node is critical, intermittent or redundant if it acts as a driver node in all, some or 
none of the control configurations, respectively.  We developed an analytical 
framework to identify the category of each node, leading to the discovery of two 
distinct control modes in complex systems: centralized versus distributed control. 

3) We predicted the control mode for an arbitrary network and showed that one can alter 
it through small structural perturbations. The uncovered bimodality has implications 
from network security to organizational research and offers new insights into the 
dynamics and control of complex systems. 

 
Rank Stability 
1) We find that real networks with heavy-tailed degree distributions naturally lead to a 

set of super-stable nodes that have such a high number of  ``recommendations" (in-



degree) that their ranking becomes independent of who recommends them. This is 
somewhat unexpected from the perspective of the network architecture: the scale-free 
nature of these networks normally implies a lack of objective criteria to distinguish 
hubs from non-hubs.  The balance of rank stability and fluctuations do allow us, 
however, to identify a few hubs that respond in a distinct fashion to perturbations.  

2) Both our analytical predictions and numerical results indicate that the number of 
super-stable nodes is very small. As predicted by our scaling analysis, this number is 
largely unaffected by most network characteristics and only a significant increase in 
system size can increase their number.   

3) We infer that across a large number of systems a small number of components 
(nodes) are bound to play a disproportionate role in the system.  These nodes are 
often easy to identify: a simple link counting should place them at the top, limiting 
the usefulness of  pagerank to ranking nodes that are not super-stable. 

4) Our results suggest that the success of pagerank was the inadvertent consequence of 
the scale-free nature of the web graph.  Had the web been an exponential network, the 
ranking provided by pagerank would have been unreliable given the incompleteness 
of the web graph. Indeed, in 1999 Google indexed only 7.8% of the web and even 
today its coverage is less than half of the indexable web. Yet, the scale-free property 
of the web graph leads to the emergence of a small number of super-stable nodes, for 
which, a simple count of the in-degree offers the correct relative ranking.  As the 
www grew, the ranking stability at the top increased, making the top ranked nodes 
even easier to identify.  

5) Counter-intuitively, we find that the growth of the web, instead of making search 
more difficult by offering more hits, helps select clear winners, offering better 
ranking clarity at the top. 

 
 
3. What opportunities for training and professional development has the 
project provided? 
Describe opportunities for training and professional development provided to anyone 
who worked on the project or anyone who was involved in the activities supported by the 
project.  
 
"Training" activities are those in which individuals with advanced professional skills and 
experience assist others in attaining greater proficiency. Training activities may include, 
for example, courses or one-on-one work with a mentor. 
 
"Professional development" activities result in increased knowledge or skill in one’s area 
of expertise and may include workshops, conferences, seminars, study groups, and 
individual study. Include participation in conferences, workshops, and seminars not listed 
under major activities. 
 
Write your response in here. 
Training: mentor a visiting graduate student: Marton Posfai (from Hungary).  
 
Professional development: participation in the following conferences and workshops: 



1. Workshop on Clusters and Patterns, January 11-13, 2011, Budapest, Hungary. 
2. XVI International Symposium of Pneumology, Sevilla, Spain, February 4-5, 

2011, "Network Medicine. The Future is HERE". 
3. Complexity Conference: NICO and SONIC, March 6-7, 2011, Evanston, IL, 

"From the WWW to Network Science: why was Google’s pagerank successful 
after all?" 

4. Physics Days 2011, Sharing Methods, Exchanging Ideas, March 29-31, 2011, 
Helsinki, Finland, "Statistical mechanics of complex networks: from the topology 
of the WWW to the robustness of the cell". 

5. Applications of Network Theory – the Conference, April 7-9, 2011, Stockholm, 
Sweden, "Controllability of complex networks". 

6. Drug Response - A Tool for Understanding the Systems Biology of Type 2 
Diabetes, April 21-22, 2011, Bethesda, Maryland, "Network medicine:  from 
cellular networks to human diseases". 

7. Hungarian Scientists in the US: Yesterday, Today and Tomorrow, April 25, 2011, 
Columbia University, New York, "Scale-free networks" (keynote). 

8. FET 2011, The European Future Technologies Conference and Exhibition 
Science beyond Fiction, May 4-6, 2011, Budapest, Hungary, Topic: Integrating 
ICT, Complexity Science and the Social Sciences. 

9. Symposium: Integrative Network Biology and Cancer Institute of Cancer 
Research (ICR), May 14-15, 2011, Chelsea, UK, "Network medicine: from the 
disease to comorbidity patterns". 

10. Seoul Digital Forum 2011: Connected: Into a Shared Future, May 25-27, 2011, 
Seoul, Korea, "Network economics". 

11. Physics and Biological Systems, June 14-17, 2011, Orsay, France, "Network 
medicine: from cellular networks to the human diseasome".  

12. International Workshop on Coping with Crises in Complex Socio-Economic 
Systems  (CCSS Workshop 2011), June 20-25, 2011, Zurich, Switzerland, 
"Collective response of human populations to large-scale emergencies" (keynote).  

13. 9th [BC]2 Basel Computational Biology Conference Multiscale Modeling, June 
23-24, 2011, Basel, Switzerland, "Network medicine: from cellular networks to 
the human disease" (keynote). 

14. European Conference on Machine Learning and Principles and Practice in 
Knowledge Discovery in Databases, ECML PKDD 2011, September 5-9, 2011, 
Athens, Greece, "Human dynamics: From human mobility to predictability".  

15. Germany, International Workshop and 2nd Baltic Autumn School in Systems 
Biology, September 7-9, 2011, Lubeck, "Network medicine: From the cellular 
network to the human disease".  

16. International Workshop on Finding Patterns of Human Behaviors in NEtwork and 
MObility Data, Finding NEMO @ ECML-PKDD 2011, Friday, September 9, 
2011, Pisa, Italy, "Human Dynamics: From Human Mobility to Predictability" 

17. European Conference on Complex Systems (ECCS 11th Annual Meeting), 
September 12-16, 2011, Vienna, Austria,  "Taming complexity: Controlling 
networks".   



18. WIN: Workshop on Information in Networks, September 9-October 1, 2011, New 
York University, "Taming Complexity: Controlling networks".  

19. Analysis of Mobile Phone Datasets and Networks, NetMob2011,  October 10-11, 
2011, MIT Media Lab, Cambridge MA, "Human Dynamics and Cell Phones: 
From mobility to predictability". 

20. Networks Understanding Networks, October 12-13, 2011, MIT Media Lab, 
Cambridge MA, "Network Science: From the Web to the Cell". 

21. 2011 Connected Health Symposium, October 20-21, 2011, Boston, 
Massachusetts, The Futurists, "Expert panel #10: The Futurists: A Fresh Look by 
Some Smart People at the Twists and Turns We Cannot Know … But Need to 
Think About". 

22. CI Speaker Series on Computational Knowledge Synthesis, University of 
Chicago, Computation Institute, October 24, 2011, Chicago, IL, 2011  "Taming 
Complexity: Controlling Networks".  

23. DES^4: Distinguished Engineering and Science Speaker Series, MIT's 
departments of CCE, MechE, Math, Biology, Physics, MITEI, October 26, 2011, 
Cambridge, MA, ""From Network Science to Human Dynamics". 

24. Workshop in Reflexivity and Social Change, Central European University, 
November 3-4, 2011, Budapest, Hungary.   

25. Swiss Finance Institute, SFI Evening Seminar with Prof. Laszlo Barabási, 
November 9, 2011, Zurich, Switzerland, "Networks: Formation, Dynamics and 
Control".  

26. Heinz von Foerster Congress, Self-Organization and Emergence, November 10-
13, 2011,Vienna, Austria, Network Science: From the Web to the Cell." 

27. International Brand Development Conference on the Wielkopolska Regional 
Brand, November 24, 2011, Poznan, Poland, "The Science of Networks". 

28. FuturICT: FET Flagship Pilots Midterm Conference, November 24, 2011, 
Warsaw, Poland. 

29. The Spanish Clinical Research Network, (CAIBER), 2011 Scientific Meeting, 
November 29, 2011, Madrid, Spain, "Biological & Disease Networks: are we 
ready for this enemy?".  

30. 2011 UK Annual Condensed Matter Physics Conference, December 13-16, 2011, 
Manchester, England, "Statistical mechanics of complex networks: from the 
WWW to the cell". 

31. World Economic Forum, January 25-29, 2012, Davos, Switzerland, Managing 
complexity (1/26) and Human network dynamics (1/27) (invited panelist for 
both). 

32. Harvard Medical School, Department of Systems Biology, February 10, 2012, 
Boston, MA, "Controlling networks". 

33. Harvard Business School, Berkman Center, February 16, 2012, Cambridge, MA 
"Network Science: from Structure to Control". 



34. More is Different: A Conference on Complexity, February 21-27, 2012, Nanyang 
Technical University, Singapore, “Human Dynamics: from human mobility to 
predictability” (2/12) and “Network Science: from structure to control” (2/27). 

35. 3rd Workshop on Complex Networks, CompleNet 2012, Florida, March 7, 2012, 
"Taming complexity: controlling networks". 

36. AAAI 2012 Spring Symposium Series, Stanford University, CA, March 26-28, 
2012, "Network science: understanding the internal organization of complex 
systems". 

37. TEDMED 2012, Washington, DC, April 10-12, 2012, "Do your proteins have 
their own social network?" (invited). 

38. Princeton University, PACM Distinguished Lecture Series, Princeton, NJ, 
"Network science: From structure to control". 

39. Network modeling - Methods and applications in biology, medicine and 
sociology, Oslo, Norway, May 6-8, 2012, "Network science: from structure to 
control". 

40. Mathematical Physics of Complex Networks From Graph Theory to Biological 
Physics (MapCon 2012), Dresden, Germany, May 13-15, 2012, "Network 
science: from structure to control". 

41. MIHealth Forum, Barcelona, Spain, May 23-24, 2012, "Network medicine: 
rethinking diseases from network perspective" (plenary). 

42. Belgian Physical Society, Brussels, Belgium, May 30, 2012, "Taming complexity: 
from understanding to controlling networks" (plenary). 

43. The International School and Conference on Complex Networks, Northwestern 
University, IL, June 19-22, " Do your proteins have their own social network " 
(keynote). 

44. BIG Idea [24]7, New York, NY, June 27, 2012, "Linked: data, social networks, 
and human behavior". 

45. Institute of Advanced Studies, Lucca, Italy, July 4, 2012, "Network science: from 
structure to control". 

46. Medical Systems Biology: Dynamics of Disease. University of Manchester, 
England, August 21-23, 2012, (video conference) "Network medicine: from 
cellular networks to the human disease". 

47. NetSci High Summer Workshop, Boston University, Boston, MA, August 21-25, 
2012, (documentary discussion), "Connected: The Power of Six Degrees". 

48. Annual Meeting of the New Champions 2012, World Economic Forum, Tianjin, 
China, September 11-13, 2012, "An Insight, an Idea with Albert-Laszlo 
Barabasi", (joint with Cesar Hidalgo) "The Power of Networks" and (panel) 
"Mastering complexity" (invited). 

49. International Conference on: Towards Mathematical Foundations of Complex 
Network Theory, Kyoto University, Japan, September 14-16, 2012, "The 
architecture of complexity: From the topology of the WWW to the structure of the 
cell" (keynote). 



50. Boston University Alumni Reunion, Department of Physics, Boston, MA, 
September 21-22, 2012, "Taming Complexity: Controlling Networks" (keynote). 

51. World Summit on Innovation & Entrepreneurship, Boston, MA, September 26-
28, 2012, "Big Data. Bigger Decisions: Hidden Tensions, Smarter Innovations" 
(panel). 

52. Sogeti Executive Summit 2012: Recorded Future, London, UK, October 1-2, 
2012, "Bridging the gap to the new paradigm – When conventional wisdom is 
wrong" (keynote). 

53. University of Rochester, David L. Dexter Lecturer, Rochester, MA, October 10, 
2012, (colloquium) "The Statistical Physics of Complex Networks: From 
Structure to Control". 

54. University of Rochester, David L. Dexter Lecturer, Rochester, MA, October 10, 
2012, (public) "Human Dynamics: Where Will You Be Tomorrow At 3pm?". 

55. Course: Introduction to Network Medicine, Harvard Catalyst, Cambridge, MA, 
October 15, 2012, "Network Medicine". 

56. Global Empowerment Meeting 2012 (GEM2012), Cambridge, MA, October 24-
25, 2012, "The role of networks in building prosperity” (panel).  

57. Quant Invest: Manager vs. Machine, Paris, France, November 6-7, 2012, 
"Unveiling and Controlling Networks: From Finance to Organizations" (keynote). 

58. Systems Biology Approaches to Drug Discovery: Single Gene Targeting is Not 
Enough, New York Academy of Science, New York City, New York, December 
11, 2012, "Network Medicine: Rethinking Diseases from a Network Perspective" 
(invited). 

59. DLD 2013: Digital - Life - Design, Munich, Germany, January 20-22, 2013, 
"Bursts". 

60. World Economic Forum Annual Meeting 2013, Resilient Dynamism, Davos, 
Switzerland, January 23-27, 2013 (invited participant). 

61. ASME 2013 2nd Global Congress on NanoEngineering for Medicine and Biology 
(NEMB2013), Boston, MA, February 4-6, 2013, "Multiscale modeling in biology 
and medicine" (plenary). 

62. FuturICT Workshop at MIT Media Lab, Cambridge, MA, February 13-14, 2013, 
"Science of Impact". 

63. Colloquium, Chalmers University of Technology, Gothenburg, Sweden, March 8, 
2013, "Statistical mechanics of complex networks". 

64. 2013 Graph Exploitation Symposium, MIT Endicott House, Dedham, MA April 
16, 2013, "Complex Networks: From the structure of the WWW to cellular 
organization".  

65. Cambridge Network Day 2013, Cambridge, UK, May 7, 2013, "Network Science: 
From structure to control". 

66. NetSci 2013: International School and Conference on Network Science, 
Copenhagen, Denmark, June 3-7, 2013, "Network Science Book (iPad)". 



67. XXXIII Dynamic Days Europe, Center for Biomedical Technology, Madrid, 
Spain, June 6-7, 2013, "Taming complexity: Controlling networks". 

68. NECSI Summer School, New England Complex Systems Institute, Cambridge, 
MA, June 19, 2013,  "Complex Networks: From the structure of the WWW to 
cellular organization".	
  

 
4. How have the results been disseminated to communities of interest? 
Describe how the results have been disseminated to communities of interest. Include any 
outreach activities that have been undertaken to reach members of communities who are 
not usually aware of these research activities, for the purpose of enhancing public 
understanding and increasing interest in learning and careers in science, technology, and 
the humanities.  
 
Note:  Publications are reported in Appendix B: Products.  
 
Write your response in here. 
Our work, published in: 

C. Song, Z. Qu, N. Blumm, and A.-L. Barabási, Limits of Predictability in Human 
Mobility, Science 327, 1018-1021 (2010).  It has been Featured in multiple media outlets 
and received hundreds of citations. 

Our work on “Controllability of complex networks”, Nature 473, 167 (2011), has been 
highlighted in Nature cover story; Nature News&Views; Science News&Analysis; 
ScienceNews; Wired; ScienceDaily; PHYSORG.com; MITNews; MITspotlight; News 
@Northeastern. It also Collected over 300 citations in less than two year.  
 
Our work on “Ranking stability and super-stable nodes in complex networks”, Nature 
Communications 2, 1-7 (2011), has been highlighted in News @Northeastern. 
  
 
5. What do you plan to do during the next reporting period to accomplish the 
goals? 
If there are no changes to the DTRA-approved plan for this effort, state “No Change.” In 
cases where there are anticipated changes, describe briefly what you plan to do during the 
next reporting period to accomplish the goals and objectives. 
 
Write your response in here. 
 
Project ended. 
 
 



Appendix B: Products 
 
The products from an effort demonstrate the excellence and significance of the research 
and the efficacy with which the results are being communicated to colleagues, potential 
users, and the public. Publications are the characteristic product of research. Many 
projects (though not all) may develop products other than publications. In all cases, if 
there is nothing significant to report during this reporting period, the awardee shall state 
"Nothing to Report".  
 
In the Products Section, the PI must address the following five (5) product types:  
 
For paper, book and other publications your status choices are the following: 
Accepted, Awaiting Publication, Published, Submitted, Under Review and Other 
 
1. Publications, conference papers, and presentations: Report ONLY the major 
publication(s) resulting from the work under this award DURING THE 
REPORTING PERIOD. There is no restriction on the number. 
 
• Journal publications. List peer reviewed articles or papers appearing in scientific, 

technical, or professional journals. Include any peer reviewed publication in the 
periodically published proceedings of a scientific society, a conference, or the like. A 
publication in the proceedings of a one-time conference, not part of a series, should 
be reported under “Books, or other non-periodical, one-time publications.” Identify 
for each publication: author(s), title, journal, volume, year, page numbers, status of 
publication, and acknowledgement of federal support.  

 
Note:  Please do not use abbreviations for the Journal name.  
 
Write your responses in here. 
 
1. K.-­‐L.	
  Goh,	
  A.-­‐L.	
  Barabási,	
  Burstiness	
  and	
  memory	
  in	
  complex	
  systems,	
  

Europhysics	
  Letters	
  81,	
  48002	
  (2008).	
  
2. J.	
  Candia,	
  M.	
  C.	
  Gonzalez,	
  P.	
  Wang,	
  T.	
  Schoenharl,	
  G.	
  Madey,	
  A.-­‐L.	
  Barabási,	
  

Uncovering	
  individual	
  and	
  collective	
  human	
  dynamics	
  from	
  mobile	
  phone	
  
records,	
  Journal	
  of	
  Physics	
  A:	
  Mathematical	
  and	
  Theoretical	
  41,	
  1-­‐11	
  (2008).	
  

3. M.	
  C.	
  González,	
  C.	
  A.	
  Hidalgo,	
  A.-­‐L.	
  Barabási,	
  Understanding	
  individual	
  human	
  
mobility	
  patterns,	
  Nature	
  453,	
  779-­‐782	
  (2008).	
  

4. D.	
  Lazer,	
  A.	
  Pentland,	
  L.	
  Adamic,	
  S.	
  Aral,	
  A.-­‐L.	
  Barabási,	
  D.	
  Brewer,	
  N.	
  Christakis,	
  
N.	
  Contractor,	
  J.	
  Fowler,	
  M.	
  Gutmann,	
  T.	
  Jebara,	
  G.	
  King,	
  M.	
  Macy,	
  D.	
  Roy,	
  M.	
  Van	
  
Alstyne,	
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