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1. Introduction 

The International Workshop on Modeling of Physical, Economic, and Social Systems for 
Resilience Assessment was held on 19-21 October 2016 at the Washington-Dulles Airport 
Marriott in Dulles, VA. The purpose of the workshop was to solicit input from researchers and 
subject matter experts in areas related to the modeling of physical, economic, and social systems 
to inform systems modeling research being conducted by NIST and Colorado State University. 

Dr. Terri McAllister, Community Resilience Group Leader and Program Manager at the National 
Institute of Standards and Technology (NIST), welcomed attendees and presenters to the 
workshop and introduced the session topics: 

1. Decision-Making and Evaluation of Proposed Alternatives 

2. Resilience Modeling Research Around the World 

3. Modeling of Systems and Dependences 

4. Modeling of Recovery 

5. Case Studies and Validation 

Sessions were held consecutively as shown in Tables 1 to 3. At the end of the workshop, a 
discussion regarding next steps, future activities, and challenges of community resilience 
systems modeling brought the session to a close. 

This document summarizes key points and discussions from the workshop presentations and 
facilitated discussions.  
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Table 1. Workshop Agenda – Day 1 
Time Topic Speakers / Moderators 

Wednesday, October 19, 2016 

8:00-8:30  Welcome and Introductions 
Breakfast Buffet 

Terri McAllister 
Community Resilience Group 
Leader and Program Manager 
National Institute of Standards 
and Technology 

8:30-10:30  Session 1 Decision-Making and Evaluation of Proposed Alternatives 
8:30-9:00  Public Warning Timing: Issuance, Diffusion, 

Protective Action Initiation for Dam 
Breaches, Controlled Dam Releases, and 
Levee Breaches or Overtopping 

Dennis Mileti 
Professor Emeritus of Behavior 
Science 
University of Colorado Boulder 

9:00-9:30  Resilience of Societal Infrastructure Systems 
– Modeling and Decision Analysis 
Framework 

Michael Faber 
Professor of Civil Engineering 
Technical University of Denmark 

9:30-10:00  Total Economic Consequences of Disasters Adam Rose 
Research Professor of Public 
Policy 
University of Southern California 

10:00-10:30  Infrastructure System Interconnectivity 
Effects of Resilience 

Rae Zimmerman 
Professor of Planning and Public 
Administration 
New York University 

10:30-11:00 Break 

11:00-12:00 Session 1 Decision-Making and Evaluation of Proposed Alternatives (continued) 
11:00-12:00 Facilitated Discussion Georgios Giannopoulos 

Scientific Officer 
EU Joint Research Centre 
 
John van de Lindt 
Distinguished Professor in 
Infrastructure, Co-Director of 
Center for Risk-Based 
Community Resilience Planning 
Colorado State University 

12:00-1:00 Lunch 

1:00-2:30 Session 2 Resilience Modeling Research Around the World 
1:00-1:30  Interdependences, Cascading Effects and 

Resilience Optimization of Communities and 
Societies 

Georgios Giannopoulos 
Scientific Officer 
EU Joint Research Centre 

1:30-2:00  Resilience Modeling Research in New 
Zealand 

Nick Horspool 
Natural Hazard Risk Scientist 
GNS Science 
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Time Topic Speakers / Moderators 
2:00-2:30  Urban Resilience: Asia Research Initiatives Dongping Fang 

Department Head and Professor in 
Construction Management 
Tsinghua University 

2:30-3:00 Break 

3:00-5:00 Session 2 Resilience Modeling Research Around the World (continued) 
3:00-3:30  NSF Investments and Opportunities in 

Interdisciplinary Research on Critical 
Infrastructure Systems 

David Mendonça 
Director of Infrastructure 
Management and Extreme Events 
Program 
National Science Foundation 

3:30-4:00  DHS Sponsored Research: DHS Approaches 
to Supporting Infrastructure Resilience 

Matthew Coats 
Program Manager Science and 
Technology Directorate 
Department of Homeland Security 

4:00-5:00  Facilitated Discussion Adam Rose 
Research Professor of Public 
Policy 
University of Southern California  
 
Bruce Ellingwood 
Professor of Civil and 
Environmental Engineering, Co-
Director of Center for Risk-Based 
Community Resilience Planning 
Colorado State University 
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Table 2. Workshop Agenda – Day 2 
Time Topic Speakers / Moderators 

Thursday, October 20, 2016 

8:30-9:50  Session 3 Modeling of Systems and Dependencies 
8:30-8:50  Evolution of Hazard Assessment Modeling in 

Drinking Water Systems 
Royce Francis 
Assistant Professor of 
Engineering Management and 
Systems Engineering 
The George Washington 
University 

8:50-9:10  Modeling Water Distribution System 
Resilience 

Katherine Klise 
Senior Member of the Technical 
Staff 
Sandia National Laboratory 

9:10-9:30  Power Distribution Systems: Modeling of 
System Dependencies and Interdependencies 

Charles Macal 
Senior Systems Engineer 
Argonne National Laboratory 

9:30-9:50  Reliability Assessment of Interdependent 
Networks Based on Survival Signature 

Matteo Broggi 
Senior Research Associate 
Leibniz University Hannover 

9:50-10:20 Break 

10:20-12:00 Session 3 Modeling of Systems and Dependencies (continued) 
10:20-10:40 Climate & Complexity: The Resilience of 

Natural-Built-Human Systems 
Auroop Ganguly 
Associate Professor of Civil and 
Environmental Engineering 
Northeastern University 

10:40-11:00 Natural Disaster Impacts on Infrastructure 
Systems and Society 

Judith Mitrani-Reiser 
Assistant Professor of Civil 
Engineering and Co-Director of 
Center for Systems Science and 
Engineering 
Johns Hopkins University 
Director of Disaster and Failure 
Studies 
National Institute of Standards 
and Technology 

11:00-12:00 Facilitated Discussion Hussam Mahmoud 
Assistant Professor and Director, 
Structural Laboratory 
Colorado State University 
 
Terje Haukaas 
Professor of Civil Engineering 
University of British Columbia  

12:00-1:30 Lunch 
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Time Topic Speakers / Moderators 

1:30-3:30 Session 4 Modeling of Recovery 
1:30-1:50  Physical and Economic Impacts of 

Earthquakes and Other Hazards 
Terje Haukaas 
Professor of Civil Engineering 
University of British Columbia 

1:50-2:10  Road Network Functionality of Istanbul 
Following an Earthquake 

Himmet Karaman 
Associate Professor of Civil 
Engineering 
Istanbul Technical University 

2:10-2:30  Measuring and Improving the Resilience of 
the Built Environment in a Community 

Quanwang Li 
Associate Professor of Civil 
Engineering 
Tsinghua University 

2:30-2:50 Housing Demand & Capacity for Medically 
Fragile & Vulnerable Populations: Modeling 
Transition through Temporary, Interim, and 
Permanent Housing Recovery 

Joshua Behr 
Research Associate Professor of 
Analysis and Social Sciences 
Old Dominion University 

2:50-3:10 Modeling Recovery: The Role of Disaster 
Financing 

Carolyn Kousky 
Fellow 
Resources for the Future 

3:10-3:30 An Integration of Social Vulnerability Data 
and Mapping Tools for Community 
Vulnerability Assessments and Recovery 
Modeling 

Nathanael Rosenheim 
Assistant Research Scientist in 
Architecture 
Texas A&M University 

3:30-4:00 Break 

4:00-5:00 Session 4 Modeling of Recovery (continued) 
4:00-5:00  Facilitated Discussion Harvey Cutler 

Professor of Economics 
Colorado State University 
 
Keith Porter 
Research Professor of Civil, 
Environmental, and Architectural 
Engineering 
University of Colorado Boulder 

5:00-5:30 Break 

5:30-7:30 Resilience Table Top Exercise and Reception  

Hot appetizers and cash bar available. Nathaniel Forbes 
Director 
Forbes Calamity Prevention  
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Table 3. Workshop Agenda – Day 3 
Time Topic Speakers / Moderators 

Friday, October 21, 2016 

9:00-10:30  Session 5 Case Studies and Validation 
9:00-9:30  GRRIT ®  - a Sustainable Tool for Reducing 

Weather and Climate Impacts 
Cindy Bruyere 
Project Scientist II 
National Center for Atmospheric 
Research 

9:30-10:00  Resilience Modeling Innovations of the 
HayWired Planning Scenario 

Keith Porter 
Research Professor of Civil, 
Environmental, and Architectural 
Engineering 
University of Colorado Boulder 

10:00-10:30  Model Validation: The Joplin Tornado 
Hindcast 

John van de Lindt 
Distinguished Professor in 
Infrastructure, Co-Director of 
Center for Risk-Based 
Community Resilience Planning 
Colorado State University 

10:30-10:45 Break 

10:00-11:45 Session 5 Case Studies and Validation (continued) 
10:45-11:45 Facilitated Discussion Elise Miller-Hooks 

Professor and Chair in 
Infrastructure Engineering 
George Mason University 
 
Judith Mitrani-Reiser 
Assistant Professor of Civil 
Engineering and Co-Director of 
Center for Systems Science and 
Engineering 
Johns Hopkins University 
Director of Disaster and Failure 
Studies 
National Institute of Standards 
and Technology 

11:45-12:00 Closure, Next Steps, and Future Activities Terri McAllister 
Community Resilience Group 
Leader and Program Manager 
National Institute of Standards 
and Technology 
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2. Workshop Purpose 

The Community Resilience Group at NIST is conducting research to promote resilient 
communities, with a focus on buildings and infrastructure systems. A key research activity is the 
development of integrated systems models for simulating physical, social, and economic systems 
in a community, including their performance, recovery, functionality, and dependencies. Systems 
modeling research is being conducted in collaboration with the NIST-funded Community 
Resilience Center of Excellence (CoE), which is led by Colorado State University (CSU).  

To support these activities, NIST and CSU co-sponsored a systems modeling workshop to 
identify and benefit from international research on modeling methods, characterizing systems, 
and data needs and sources being developed and used by other researchers. 

The workshop brought together researchers and subject matter experts on state-of-the-art 
methods for topics that support community resilience modeling to identify gaps and research 
needs to further strengthen systems modeling research plans. 

Areas of expertise of workshop speakers and participants include: physical and functional 
modeling of buildings and infrastructure systems (e.g., energy, communication, water, 
wastewater, and transportation), economic systems, and social systems (e.g., government, health, 
education). 
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3. Session 1: Decision-Making and Evaluation of Proposed Alternatives 

3.1. Session Presentations 
3.1.1. Public Warning Timing: Issuance, Diffusion, Protective Action Initiation for 

Dam Breaches, Controlled Dam Releases, and Levee Breaches or Overtopping 
Presenter:  Dr. Dennis Mileti, Professor Emeritus of Behavioral Science, University of Colorado 

Boulder 

The work presented by Dr. Mileti was funded by the U.S. Army Corps of Engineers (USACE) 
Risk Management Center in Davis, California. Dr. Mileti began his presentation with a 
discussion of the behavioral aspects of issuing emergency warnings. He stated issuing public 
alerts and warnings involve human behavior, such as physical scientists who detect a threat, 
emergency managers who manage the threat, message authors who communicate the threat, and 
finally the public who must take heed of the warning. The presentation had four parts: Part I 
Introduction, Part II Warning issuance delay, Part III Warning diffusion delay, and Part IV 
Protective action initiation (PAI) delay.  

The objectives of the work presented were to provide USACE with estimates of human behavior 
for life loss estimation, to develop methods to measure behavior time estimates, and to prepare a 
community guidebook that could inform emergency managers about social science evidence-
based warning practices. To achieve these objectives, quantitative curves for warning issuance 
delay, warning diffusion delay, and mobilization delay were developed. To develop the curves, 
quantitative research findings on time/delay were reviewed for all three stages of the warning 
process, data from empirical studies were identified, and model equations were developed and 
fitted to historical events.  

Four categories of research-based factors affect warning issuance delay: plans and procedures, 
performance and inter-personal relations, system performance, and situational factors. Each of 
the four categories contained several factors (e.g., day vs. night is an example situational factor), 
which were assigned weights dependent upon their respective significance in affecting delay 
time. Case studies of rapid warning issuance (Boulder, Colorado Flood 2013) and slow warning 
issuance (Graniteville, South Carolina Train Derailment 2005) were discussed and compared. 

Research-based categories of factors that influence warning diffusion times are: timing and 
methods for sending first warning, and situational aspects of receiving the first warning. 
Examples of factors include types of technologies available to send the warning message, and 
access to technology to receive the warning message. Each of the factors in the two categories 
was assigned a weight based on empirical data and expert opinion, and modeling of warning 
diffusion time was discussed. Examples of rapid vs. slow warning diffusion were presented.  

Research-based factors that affect PAI time are: message characteristics, receiver characteristics, 
and context characteristics. Examples of factors belonging to each category are message length, 
personal preparedness, and environmental cues, respectively. The factors were assigned weights 
in the modeling of PAI time. Examples of rapid and slow PAI times, during a historical 
hazardous materials train derailment event near Pittsburgh, PA, were presented and compared.  

To combine the analysis of delay times, an interview schedule was created to measure significant 
factors specific to local communities to enable the USACE to estimate likely future warning 
delays and resulting life loss and injury consequences. The interview contains a total of 58 
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interview questions, which will guide USACE in assigning issuance, diffusion, and PAI curves 
to communities.  

Finally, the guidebook1 was discussed which was developed based on synthesized empirical 
social science quantitative evidence to provide emergency managers with practical ways to 
enhance future public alert and warning practices. Tools provided in the guidebook include the 
ability to: catalogue and define protective actions, identify protective actions based on time and 
location, identify the threat versus actions and warnings, rank community planning steps for 
upgrading issuance/diffusion/PAI, analyze the anatomy of warning 
messages/examples/templates, and catalogue and evaluate available warning dissemination 
channels.  
1Mileti, Dennis. S., and John H. Sorensen (2015). A Guide to Public Alerts and Warnings for Dam and Levee 
Emergencies. Davis CA: U.S. Army Corps of Engineers Risk Management Center.  

3.1.2. Resilience of Societal Infrastructure Systems – Modeling and Decision Analysis 
Framework 

Presenter:  Dr. Michael Faber, Professor of Civil Engineering, Technical University of Denmark 

Dr. Faber outlined the context for his presentation by stating societal developments are 
approaching the carrying capacities of Earth’s ecosystems. Dr. Faber acknowledged that 
couplings between civilizations and living conditions are observable and can be projected into 
the future using different hypotheses for future societal development. In order to do so, however, 
there is a need for improved knowledge such as: representations of dynamic interactions in 
integral systems models of the coupling between society and nature; determination of 
vulnerability and resilience in nature/society systems for particular ecosystems and livelihoods; 
and utilization of decision support systems.  

The presentation covered: frameworks for systems decision analysis; probabilistic systems 
representation; a principal example of an infrastructure/social/hazard/ ecological system; 
followed by conclusions and a future outlook.  

Regarding frameworks for systems decision analysis, hierarchical representation of social and 
natural systems were presented with respect to their exposure to hazards, shared environmental 
and societal responses, and decision-making processes. Several questions still to be answered 
regarding frameworks include: how to prioritize investments on design and management of 
interlinked systems; how to select target reliabilities and performances of individual systems and 
constituents; and how to plan and budget for the future economy/environment/society/health. 
Bayesian decision analysis was presented as a consistent “book-keeping” method for calculating 
the expected value of the utility associated with different decision alternatives.  

Probabilistic system representation was next discussed including system robustness, resilience, 
and sustainability. A framework for decision analysis and probabilistic modeling of systems for 
optimal design and life-cycle management was proposed. The overall probabilistic system 
representation model was comprised of a graph model, constituents model, probabilistic model, 
and decision alternatives. Robustness modeling was presented as a function of all relevant 
scenarios and consequences. Consequences include impacts to health and safety, to the 
environment, and to the economy. Social preparedness systems modeling was presented as a 
benefit versus time analysis accounting for pre-disturbance performance, time of disturbance, 
period of reorganization, interim operations, and the period of renewal/rehabilitation. A system is 
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deemed not resilient if at any given time one or more of its capacities are exceeded. Resilience 
failure modeling was presented as a time variant reliability (or vector out-crossing) problem. An 
example resilience failure model might consider ecological stress versus financial stress versus 
time.  

A principal example of an interlinked infrastructure/social/hazard/ecological system model was 
next presented. Examples of resilience management of the system were presented as: increasing 
redundancy through increasing the number of system constituents; improvements of social 
preparedness; design of individual system constituents with respect to natural and 
anthropological hazards; and saving sufficient benefits to recover from disturbances. Social 
systems with low and high preparedness were presented and compared. The conditional 
resilience failure of both systems was presented in terms of the joint probability distribution 
function of recovery time and the magnitude of lost benefit for a given disturbance event.  

Concluding, several areas of systems modeling were identified that are lacking, including: best 
practices and optimized techniques for modeling and analysis of individual systems; best 
practices and optimized techniques for identification and representation of connections between 
systems; and robust and generic representations and analysis methods of relevance for the 
complexity of real life coupled systems. 

3.1.3. Total Economic Consequences of Disasters 
Presenter:  Dr. Adam Rose, Research Professor of Public Policy, University of Southern 

California 

Dr. Rose delivered a presentation on the evolution of Economic Consequence Analysis (ECA) of 
natural, man-made and technological disasters and introduced a broad ECA framework 
developed at the Center for Risk and Economic Analysis (CREATE) to estimate the total impacts 
of a disasters on an economy. Dr. Rose’s presentation covered the CREATE ECA framework, 
three example applications, implications for decision-making, and the Economic Consequence 
Analysis Tool (E-CAT).  

The ECA framework developed at CREATE has been expanded to include resilience, behavior 
responses, supply-chain linkages, remediation, mitigation, and spillovers. The disaster event 
scenario feeds into a computable general equilibrium model (CGE), with added aspects such as 
resilience adjustments, behavior linkages, and mitigation costs. These extensions can have 
positive or negative impacts, depending on the economy.  

Two definitions of economic resilience were presented. A static definition was presented as the 
efficient use of remaining resources at a given point in time to produce as much as possible; a 
dynamic definition was presented as the efficient use of resources over time for investment in 
repair and reconstruction. One operational metric of economic resilience was defined as averted 
losses as a percentage of potential losses. This metric was used to assess the economic resilience 
of the US and NYC economies in the aftermath of the 2001 World Trade Center terrorist attacks.  

Regarding economic resilience, two major perspectives were discussed. The first perspective was 
outlined to include pre- and post-disaster actions to reduce property damage; while the second 
perspective is limited to post-disaster actions to improve resilience in the future. Business 
interruption (BI) was identified as the new paradigm in economic loss estimation, including 
behavioral and policy considerations. An overview of computable general equilibrium (CGE) 
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modeling was next presented. CGE represents the economy as a set of interdependent supply 
chains with individual responses to price signals.  

The state-of-the-art ECA framework proposed by CREATE was then compared to the standard 
approach from two port closure studies. The standard approach for estimating port impact was 
identified as direct economic activity times some multiplier. This approach misses the value of 
the cargo and its contribution to the rest of the economy and thus has been shown to 
underestimate the economic impact of disruption. The state-of-the art approach without 
resilience overestimates losses, while including resilience accounts for adaptations.  

Behavior linkages translate into direct and indirect BI losses. BI losses can be two to three orders 
of magnitude higher than direct losses. Methods to measure extreme behavioral responses to 
disasters, and to translate them into direct economic costs so that they can be integrated into 
CGE models, were presented.  

Several general policy implications for economic consequence analysis were outlined including: 
measuring both property damage and business interruption in risk management; considering non-
structural causes of economic loss; and considering the demand side. 

Finally, an overview of E-CAT was presented. The objectives of E-CAT were to develop a 
standardized capability to estimate economic consequences of over 30 hazards and to transition 
the research into a user-friendly, fast software tool for high-level decision makers. The tool starts 
from direct impacts and a number of user-specified scenario parameters; it then performs 
randomized draws of 100 variable combinations converted to CGE inputs to estimate GDP and 
employment impacts. Uncertainty distributions are generated using reduced-form results and 
displayed in the user interface. 

3.1.4. Infrastructure System Interconnectivity Effects on Resilience 
Presenter:  Dr. Rae Zimmerman, Professor of Planning and Public Policy, New York University 

Dr. Zimmerman gave a presentation highlighting resilience and interconnectivity as related to 
infrastructure and its services. She expressed the fact that environmental threats are increasing in 
some locations at the same time as the vulnerability of infrastructure and populations in those 
locations; and that condition, performance and investment analyses typically do not include 
interconnectivity. The interconnectivity between environmental conditions and the design of 
infrastructure were identified as key inputs to resilience modeling.  

The presentation began with an overview of selected natural and human hazards affecting 
infrastructure, infrastructure condition, siting, materials, and resources. Infrastructure 
interconnections, consequences of interdependences, failure modes and resilience, and future 
research needs were discussed in Parts II, III, IV, and V, respectively.  

Attributes of infrastructure connections were identified as connections between sectors; flows of 
goods and services between infrastructures; the scale of components and interactions; types of 
dependencies (temporal, physical, cyber, spatial, and logical), and implications and likelihood of 
cascading failures from interconnections. Examples of interconnections potentially vulnerable to 
cascading disruptions were presented as electric power and rail transport, and energy and water 
sectors. Concentration of infrastructure was identified as an important contributor to cascading 
failures. For example, approximately half of the power plants in the U.S. are in just a dozen 
states.  
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The consequences of interdependencies relating to general failure modes were next discussed. 
Interconnectivity consequence scenarios include direct and indirect failures, infrastructure 
vulnerability, and the targeting of certain sectors and their indirect impact on various other 
sectors. An electrical power outage was presented as an example consequence scenario assessing 
the interdependency of energy connections, transportation, and water systems.  

Conventional and distributed or alternative infrastructure systems were compared, with the latter 
being more resilient by enabling more flexible and simple interconnections. Diversifying the 
dependency of networks through methods such as alternative infrastructure layout or increased 
redundancy was highlighted as a means of promoting resilience of interconnected infrastructure 
systems. Promoting infrastructure investment, as opposed to relying solely on emergency 
funding, is one approach to increasing infrastructure system resilience. Several specific 
techniques were highlighted for improving system specific resilience, such as the use of sensor 
technologies to detect contamination in water systems (interconnectivity between IT and water). 
Finally, the interconnectivity of environmental, social, and infrastructure systems was discussed.  

Inputs to modeling were identified as a key first step to future research needs and lessons for 
policy. These included providing a greater (more precise) specification and quantification of 
system linkages; understanding overall conditions which strengthen or weaken interconnections; 
identifying and reducing means of cascading effects; and better understanding the role of how to 
shape human behavior to support more resilient interconnected systems.  

3.2. Facilitated Discussion 
Moderators:  Dr. Georgios Giannopoulos, Scientific Officer, EU Joint Research Centre 

Dr. John van de Lindt, Distinguished Professor in Infrastructure, Co-Director of 
Center for Risk-Based Community Resilience Planning, Colorado State University  

Scribes:  Ms. Hana Chmielewski, Pathways Intern, National Institute of Standards and 
Technology 

Dr. Eun Cha, Assistant Professor of Civil and Environmental Engineering, 
University of Illinois Urbana-Champaign 

3.2.1. Resilience Cost Benefit 
In quantifying the total economic impact, how receptive are resilience investors to quantifying 
the resilience benefit versus the total cost of investment?  
Past experience in working with water and power utilities has shown them to be receptive to 
resilience indicators. Economic consequence analysis (ECA) informs the benefits of avoided 
losses, an analysis result in which investors and government agencies are increasingly interested. 
The consequence analysis is just another way of getting to the benefits. The government has been 
performing benefit-cost analysis for resilience decisions for the past ten years. Interest and 
funding to do a similar analysis for the private sector has recently been on the rise. Such an 
assessment for the private sector will require an additional focus on the business interruption 
aspect of the problem.  
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3.2.2. Effects of Human Behavior on System Design 
Systems must be seen as applied technology. They have to be directly designed, maintained, 
operated, and regulated in an adaptive manner to the organization, environment, and society. To 
what extent are people trained to use systems in ways that take into account human behavior?  
There was a consensus among the panel that this was one of the big questions currently facing 
community resilience researchers. It is often difficult to determine when people will recognize 
the importance of resilience initiatives and, in turn, how to get them to actually implement such 
initiatives. There are many different kinds of people who would or wouldn’t use new systems. 
There is not only the question of how to design systems, but how to present, package, and market 
them to improve different audiences’ reception.  

3.2.3. Social Media 
Social media, and the impact it has on the public, is an extremely hot issue in social sciences. 
Data mining is being used to analyze social media data and how it influences public behavior. 
The panel was asked how the role of social media compares to traditional warning and recovery.  
Often, information communicated over social media is helpful news (e.g., intersection closures). 
The FCC has recently approved warning messages on cell phones up to 360 characters, which 
will open the door regarding how social media technologies can inform and warn people. 
Compared to traditional methods (e.g., radio, television, warning siren), messages can be 
distributed on at the individual level. This increases the effectiveness over traditional distribution 
of messages at the county level, particularly in places such as the western U.S., where county 
sizes are very large. There was a consensus among the panel that it will likely be years before the 
role and effect of social media on public behavior are understood and optimized. 

3.2.4. Model Library to Address Resilience Issues 
The issue of sharing of data and tools was raised several times during the workshop. A question 
was posed to the panel as to the possibility of developing a model library to address resilience 
issues.  
There are resilience centers around the world (e.g., Tsinghua University, Singapore, Shanghai, 
Taipei, Europe, U.S.) that can contribute to the development of toolboxes. An open platform for 
the community to develop and use such tools for decision problems is the goal. The biggest 
challenge to this task is how the systems are linked. Prior to creating model inventories, the 
linkage between systems needs to be planned and coordinated. There was a consensus among the 
panel that there is currently no one responsible for this critical role.  

3.2.5. Improving Community Recovery 
Since many infrastructure systems are public, they are built and operated for the long-term. 
When there is damage to the system there is often pressure from the public to build back to the 
same state. A question was raised regarding plans for recovery where capacity is incrementally 
added. Is there any learning or improving following an event?  
This phenomenon has been well documented in social science research since the 1950s. It has 
been shown that if a community does not have plans in place for rebuilding better, it will not 
happen after a disaster event. There is societal pressure to restore services to the same state as 
opposed to building back better when critical infrastructure services (e.g., power, water, housing, 
etc.) are missing. Instead of waiting until after a disaster occurs, it should be asked if there are 
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subsystems that can be cost effectively improved over the long-term to improve overall system 
resilience before the next disaster happens. The concept of staging was also presented as a means 
to assess needs at various time scales (e.g., one day, month, year, 5 years, lifetime) following an 
event. Climate change was identified as a major factor that will influence rebuilding decisions 
into the future. In some cases, relocation might be a better alternative for resilience than 
rebuilding.  

A related question was asked on the management of emergency/short term response plans 
following an event. It was put forward by an audience member that systems with the highest 
probability of failure are the ones which rarely rehearse or re-evaluate their response plans. 
How should communities be managing their response plans to reduce negative impacts of a 
major event? 

It was suggested that the problem is not that communities don’t read or rehearse their response 
plans, but that they do not have plans in place at all. Whether a response plan is in place or not, 
more research is needed regarding general methods of rapidly disseminating information into the 
community as strategy to improve post-event recovery.  

3.2.6. Resilient Failure and Management of Recovery 
Most resilience analysis assumes the community can recover and tends to measure the speed of 
recovery. The panel was asked not about resilient recovery, but about resilient failure and what 
it might look like.  
There is a need to focus on capacities to support community activities and to then determine 
events which will exceed those capacities. In reality, there are no isolated communities. In the 
cases where a community cannot handle an event, the next level of society will contribute 
resources. Resource allocation should be optimized across communities by evaluating the risk 
associated with bankruptcy of some critical resources. This will provide communities with an 
idea of the amount of resources that they should be sharing.  

3.2.7. Evolution of Thinking Regarding Tools and Methods 
There is discussion within the research community regarding risk and resilience and how tools 
can be modified. What has changed as we think about tools and methods for community 
resilience? Is the change in the objective function? How much of climate change should we look 
at for specific signatures of risk?  

Several paradigm shifts were identified, such as going beyond property damage and emphasizing 
business interruption, assessing post-disaster recovery, and focusing on the customer side. 
Regarding climate change, a position was presented that the market will take care of part of the 
issue. Examples include the possibility of decreasing coastal property values and the recent 
declaration of bankruptcy by coal companies in the U.S. It was ventured by one panel member 
that market adjustments will help address climate change in an orderly pace, but acknowledged 
market failures (e.g., infrastructure with no single entity as owner) exist. There was skepticism 
among other panel members to the free-market approach. Insurance policies which encourage or 
allow owners to rebuild in increasingly vulnerable locations were cited as a reason for such 
skepticism. It was also speculated that relying on the free market will not be as efficient from the 
perspective of society and the allocation of tax money. Communities should be careful regarding 
sustainability (e.g., consider discount rate and present value) in order to make decisions now that 
continue to use societal resources efficiently in the future. 
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3.3. Common Themes and Key Points (Session 1) 
The following themes and issues emerged from the presentations and discussion on decision-
making and evaluation of proposed alternatives: 

• There is a need for best practices regarding the modeling of individual systems and 
connections between systems. Best practices should address the levels of generality and 
complexity needed/desired by end-users.  

• The evolution of the infrastructure, economic, social, and ecological capacities or reserves of 
a community under a broad range of disruptive scenarios is a key modeling need for 
assessing resilience. 

• Interruptions to the flows of goods and services can produce stresses and losses that greatly 
exceed the direct costs of repairing or replacing physical damage to buildings and 
infrastructure.  

• There is a need for increased understanding of cascading failure effects between and within 
infrastructure and societal systems.  

• There are important questions to be addressed on how to shape human behavior to support 
resilient systems and how to design and present resilient systems to improve reception and 
implementation.  

• Resilience initiatives should be community specific. Resources and capacity should be 
assessed to determine if a community has the ability to recover. Community objective 
functions should be taken into account during decision-making to ensure policy is aligned 
with resilience and recovery goals (e.g., building back to pre-event performance vs. building 
beyond). 

• If a community does not have plans in place for rebuilding better, it will not happen after a 
disaster event because of the pressure to restore services quickly. 

• There are no isolated communities. In cases where a community cannot cope with an event or 
a threat, the next levels of society (e.g., regional, state, or national) will contribute resources. 
Thus, the problem of defining the spatial boundaries of the systems to be modeled can be 
very complex. 
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4. Session 2: Resilience Modeling Research Around the World 

4.1. Session Presentations 
4.1.1. Interdependencies, Cascading Effects and Resilience Optimization of 

Communities and Societies 
Presenter:  Dr. Georgios Giannopoulos, Scientific Officer, EU Joint Research Centre 

Dr. Giannopoulos began his talk on resilience research performed at the European Commission’s 
Joint Research Centre (JRC) by introducing three tiers of resilience modeling. He then presented 
the Geospatial Risk and Resilience Assessment Platform (GR2ASP), a web oriented architecture 
which brings together geospatial technologies and computational tools for the analysis and 
simulation of critical infrastructures. Several case studies were provided to support the 
discussion of the GR2ASP methodology and its application to selected disruptive scenarios.  

Tier 1 of resilience modeling was related to the network analytics. Understanding network 
components and interactions enables quick analysis of intrinsic network properties, resilience 
analysis of directed/random disruptions, and resilience investment prioritization.  

Dynamical functional modeling of vulnerability and independencies of critical infrastructure 
(DMCI) is handled in Tier 2 of resilience modeling. Modular, cross-sectoral models are 
adaptable at different levels of granularity (e.g., local, regional, country, international). Generic 
variables that were identified for critical infrastructure representation include, but are not limited 
to: inoperability, service capacity, recovery time, and buffer time. Boolean representations of 
physical and organizational aspects are used in the DMCI, which helps to reduce analysis 
complexity. The objective of resilience optimization during Tier 2 is to minimize cascading 
effects and to maintain functionality for prioritized nodes.  

Tier 3 consists of the dynamic interoperability inventory optimization model. The work 
presented is based on W. Leontief’s inventory optimization approach. In Tier 3, service loss 
propagation in economic sectors can be assessed as a consequence of critical events using public 
economic databases. The model is applicable at different levels of granularity.  

GR2ASP is a server-client architecture that employs WebGIS technologies in conjunction with 
analysis tools for critical infrastructures and economic sectors. The platform is based on open-
source software and supports multi-user collaboration and data sharing.  

Concluding the presentation, a scenario builder was identified as a key next step to link all three 
categories of models, from asset disruption to socio-economic impact. He stated that we need 
more involvement from the community; models should facilitate collaboration and not intimidate 
the end users. It was stated that we do not necessarily need an increased quantity of models, but 
closer links between existing models are needed.  

4.1.2. Resilience Modeling Research in New Zealand 
Presenter:  Dr. Nick Horspool, Natural Hazard Risk Scientist, GNS Science 

Dr. Horspool delivered an overview of resilience modeling research in New Zealand. He began 
his talk by setting the stage for social and infrastructure systems in New Zealand, where two 
thirds of the population live in three major cities exposed to significant and diverse natural 
hazard risk (e.g., earthquake, tsunami, volcanic eruption, flood). Recent disasters in New 
Zealand have dramatically highlighted the impact shocks can have on society and its ability to 
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function and grow. The Canterbury earthquakes affecting Christchurch in 2010-2011 caused 
catastrophic damages, but also provided a platform for a dialogue on resilience across various 
sectors of New Zealand. An overview was provided of New Zealand-based resilience modeling 
research programs and demonstrated through case-studies how these are leading to a more 
resilient New Zealand. 

The first resilience program discussed by was QuakeCoRE, a centre for earthquake resilience. 
Flagship programs of QuakeCoRE include: 1) ground motion simulation and validation; 2) 
liquefaction impacts on infrastructure; 3) earthquake-prone buildings; 4) next-generation 
infrastructure; 5) pathways to resilience; and 6) distributed infrastructure.  

An outline of the National Science Challenge’s “Resilience to Nature’s Challenges” program 
was presented. The mission of this program is to partner with stakeholders to build a 
transformative pathway towards natural hazard resilience. This goal is achieved through priority-
driven co-creation laboratories and targeted research, suited to the diverse and rapidly changing 
social, economic, built and natural environments.  

On-going risk-based resilience modeling in New Zealand has been largely adapted from a NIST 
framework for community resilience. The objective of this research is to translate the damage of 
the built environment into social and economic disruption experienced by each significant sector 
of the community.  

The Modeling the Economic Resilience of Infrastructure Tool (MERIT) was discussed next. 
MERIT is a fully dynamic model that is able to show status under various post-impact scenarios. 
MERIT has approximately 50 economic sectors/commodities which can be differentiated 
spatially, and it covers all geographic regions in New Zealand. MERIT is composed of a nested 
suite of models that can be used for different size and scale outages, and for different purposes.  

A case study of a magnitude 8.1 earthquake associated with a 400 km long rupture between 
Milford Sound and the Ahaura River was discussed. The case study covered direct losses, 
damages, casualties; road network impacts; rail network impacts; hydroelectric power and water 
outages; and restoration timelines under various scenarios.  

4.1.3. Urban Resilience: Asian Research Initiatives 
Presenter:  Dr. Dongping Fang, Department Head and Professor in Construction Management, 

Tsinghua University 

Dr. Fang presented an overview of Asian research initiatives in the context of urban resilience. 
Dr. Fang’s presentation starts with an overview of world urbanization trend and the impact of 
disasters. Next, a framework and a vision of a city simulator for modeling urban resilience were 
presented. Current initiatives in urban resilience research at Tsinghua University were presented, 
and finally current researches in Asia were summarized. 

Rapid urbanization is being experienced around the world and the global urban population is 
expected to increase to 69% of the total population by 2050. In order to achieve a better quality 
of life for all, future cities should be resilient, efficient, and sustainable. Challenges to 
urbanization include natural disasters (e.g. earthquake, mudslide, typhoon); accidents (e.g., 
explosion, fire); social safety (e.g., stampede, violence, group events); public health (e.g., SARS, 
H1N1, melamine); and coupled disasters (e.g., snow and ice, fire caused by earthquake).  
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Modeling urban resilience through the development of the city simulator concept, which is a 
system of systems view of the urban system, was presented. Societal, cyber and physical spaces 
can all be captured in the resilience modeling of the City Simulator. It was emphasized that 
crossing academic boundaries is essential for making new breakthroughs, and could possibly 
lead to new disciplines. 

Initiatives at the Institute for Future Cities and Infrastructures (IFCI) at Tsinghua University 
were next discussed. The IFCI is an interdisciplinary and transdisciplinary research program, 
conducting research on themes such as: data sensing and big data analytics in urban and 
infrastructure systems; sustainable life-cycle management of urban and infrastructure systems; 
and social and economic theories and models for future cities and infrastructures.  

Research initiatives throughout Asia were discussed. First discussed was the CREATE program 
at the Singapore ETH Centre, a part of the Future Resilient Systems program. The mission of the 
CREATE program is to address the challenges with critical infrastructure systems that provide 
essential services to modern societies. The Resilience Engineering Research Center (RERC) at 
the University of Tokyo was also highlighted. The RERC consists of three divisions to promote 
research into the principles and methodologies for realizing resilient systems. Finally, several 
specific research projects were highlighted such as technology management strategy for future 
social needs driven innovation at the global level; an assessment of massive integration of 
renewable energy by developing a multi-regional optimal power generation mix model; and a 
study on the strategies and scenarios required to achieve the reformation of power generation 
mix in light of the Great East Japan Earthquake.  

4.1.4. NSF Investments and Opportunities in Interdisciplinary Research on Critical 
Infrastructure Systems 

Presenter:  Dr. David Mendonça, Director of Infrastructure Management and Extreme Events 
Program, National Science Foundation 

Dr. Mendonça’s presentation highlighted NSF funded research in the broad area of critical 
infrastructure systems. His presentation focused first on the critical resilient interdependent 
infrastructure systems and processes (CRISP) program and the current projects under this 
program. Next, the discussion shifted to methods and data, and finally an overview of the current 
CRISP solicitation was presented.  

NSF has made an investment of $59 million, over 37 projects, 71 project teams, and 180 
individuals. The composition of awardees can be broken down across 3 divisions: engineering, 
computer and information sciences and engineering (CISE), and social behavior and economic 
sciences (SBES). Most projects tend to be led by engineering, with CISE at a distant second. 
Members of SBES play an important role as co-project investigators on many projects. 

The various methodological approaches being used in the CRISP program were categorized as: 
optimization, statistical, simulation-based, physics-based, system dynamics, game theory, data 
extraction, surveys, and others. Regarding the data being used and generated under the CRISP 
program, several types were highlighted, such as: social media data, surveys, and activity diaries 
to better understand how humans operate with respect to critical infrastructure; metered data on 
different kinds of use, inventory, and maintenance; archival and public data; and synthetic or 
simulated data. The need for growth of archival and simulated data and the relationship between 
those was stressed.  

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

20 

Next the need for integrative methods to support or explain cognition and adaptive behavior 
within infrastructures and the role of human agency beyond the demand for service was 
presented. Concerns beyond demand include how interdependent critical infrastructure systems 
are designed to behave during restoration and recovery and how they are controlled. Regarding 
data, the talk was framed with the question “what are the requirements of a common data block 
to support the CRISP research enterprise?” A workshop is being hosted by NSF on shared public 
data for critical infrastructure and materials sciences and the intersection between the two.  

Finally, the current CRISP solicitation for fiscal year 2017 was introduced. The recent 
announcement has four goals: community building enterprise / interdisciplinary research, design 
of interdependent critical infrastructures, creating knowledge for innovation in interdependent 
critical infrastructures, and improving infrastructure performance.  

4.1.5. DHS Sponsored Research: DHS Approaches to Supporting Infrastructure 
Resilience 

Presenter:  Mr. Matthew Coats, Program Manager Science and Technology Directorate, 
Department of Homeland Security 

Mr. Coats delivered a presentation on Department of Homeland Security (DHS) sponsored 
research. He began his talk with a discussion of emerging trends and technologies, then 
explained the role of resiliency within DHS, gave an overview of DHS Office of University 
Programs funded modeling projects, and finally discussed the DHS Critical Infrastructure 
Resilience Institute.  

Threats to cyber infrastructure were identified as a constant risk underlying all sectors. Key 
emerging trends and technologies related to information technology highlighted were: a focus on 
challenges posed by cyber-attacks on the critical infrastructure supply chain, evolution towards 
smart manufacturing, and developing digital threads to make manufacturing infrastructure more 
resilient.  

The 2013 National Infrastructure Protection Plan was presented as an outline for how 
government and private sector participants in the critical infrastructure community work together 
to manage risks and achieve security and resilience outcomes. The three critical infrastructure 
sectors of focus for DHS are: the critical manufacturing sector, the energy sector, and the 
transportation systems sector.  

Several modeling projects funded by the DHS Science & Technology Directorate’s Office of 
University Programs were outlined. The first initiative discussed was the AgConnect software 
products developed at the Institute for Infectious Animal Diseases. This suite of software 
supports real-time situational awareness and decision-making regarding animal diseases. The 
Criticality Spatial Analysis Program, developed at the Food Protection and Defense Institute, 
assists with identifying and understanding the vulnerability of supply chains. The Economic 
Consequences Analysis Tool (E-CAT) provides quick estimates of the economic impact of 
various threats. The advanced circulation storm surge model (ADCIRC), developed at the 
Coastal Resilience Center, is used to predict when, where and to what extent flooding will 
inundate a community.  

Finally, an overview was provided of the Critical Infrastructure Resilience Institute (CIRI), led 
by the University of Illinois at Urbana-Champaign, and how it supports the DHS mission. 
Projects at CIRI include: analyzing and supporting the development of the cyber-insurance 
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market; analyzing regulatory options for managing systemic risks; assessing supply-chain 
cybersecurity assurance for critical infrastructure; and measuring business and economic 
resilience in disasters.  

4.2. Facilitated Discussion 
Moderators:  Dr. Adam Rose, Research Professor of Public Policy, University of Southern 

California  

Dr. Bruce Ellingwood, Professor of Civil and Environmental Engineering, Co-
Director of Center for Risk-Based Community Resilience Planning, Colorado State 
University 

Scribes:  Dr. Ken Harrison, Operations Research Analyst, National Institute of Standards 
and Technology 

Dr. Andre Barbosa, Assistant Professor of Civil & Construction Engineering, 
Oregon State University 

4.2.1. Data Collection, Security and Sharing 
Data is an integral part of creating and validating systems models for community resilience. As 
such, several questions related to data were raised regarding issues such as collection of data, 
security of data, and methods to increase sharing of data. First, the panel was asked to comment 
on the temporal scale of data collection. Historically, data has not been collected for many 
sectors. Where data does exist, it is often at an inadequate resolution.  
There was a consensus among the panel that the quantity and quality of data needs to be 
improved. Many operators know they have interdependencies with others, but not the extent of 
the interdependency. Incentives could motivate utilities to undertake such data collection and 
analysis initiatives. The quantity of data collected on restoration was agreed to be particularly 
poor. There are vast dependencies (e.g., resource allocation, effects of human behavior, etc.) on 
the restoration side are largely unknown.  

Next, issues of data security were raised. 
Several of the panelists discussed the need for high resolution data of the infrastructure in their 
presentations, though (in the U.S. specifically) these data are frequently not publicly available. 
Similar issues exist with healthcare data. The panel was asked if sharing metadata characteristics 
of the data (not the detailed data itself) could be a solution to possible security concerns. One of 
the drivers of solutions to the secure data problem in New Zealand was the fact that as the quality 
of the data improves, the quality of the asset management does as well. Lifeline operators who 
are able to see the benefit to sharing the data are much more likely to participate.  

Another approach to the secure data issue is the requirement of data sharing. The panel was 
asked to comment on the notion that there is some data that simply have to be shared. One 
argument was that tax money is invested to develop strategic plans to confront risk and therefore 
the data must be made available.  
It is important to understand what data is relevant for what effort. Sometimes disseminating 
excess information can leave a data owner vulnerable (e.g., to physical threats, competitiveness, 
ideological criticism, etc.). If the benefit does not outweigh the vulnerability, data owners will be 
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less likely to share their data. Compliance with data availability requirements will not guarantee 
the quality of the data will be acceptable. There needs to be an incentive for the data owners.  

4.2.2. Interdependencies 
Several questions arose regarding interdependencies between systems. As a start, the panel was 
asked how they would define interdependency and what they would like to see in research and in 
practice.  
The panel was careful not to overly-narrow the definition of an interdependency and its feedback 
processes. Interactions between systems are extremely rich and need to be two-way at every step 
possible. The panel agreed that in general the research community is data-limited on the 
dependency front. There is a need for organizations to communicate and understand the 
importance of the value added in defining, quantifying, and sharing data on their own 
interdependencies. 

Though redundancies and interdependencies exist between utilities, each utility is operated 
independently. The panel was asked how this aspect of resiliency is addressed from a modeling 
standpoint.  
One parameter that is used to assess the overall dependency of a community or system is the 
time that a group needs to get back to operability. This parameter is highly scenario dependent 
but is inherently able to capture effects of cascading failure and recovery.  

4.2.3. Selection of Metrics 
All of the presentations given in this session discussed research and models to address some 
aspect of community resilience. The panel was asked what types of metrics are used to determine 
if a solution will improve a situation and what types of questions the models are trying to 
answer. 
Typically, the metrics that are chosen to evaluate model performance or decision alternatives are 
driven by the end user of the information or application. Given an interest of the end-user, the 
modeler should look at causes and indicators of that interest to develop metrics and objectives. 
Metrics should be determined over the full time-scale from pre- to post-event to assess the needs 
of the community at various stages of recovery. As more aspects (e.g., physical, social, economy, 
cyber, etc.) are considered, the metrics will become more complicated, but this is a fundamental 
need to assess the overall performance of the system.  

4.2.4. Model Integration 
Resiliency deals with modeling of complex systems. A question arose as to how components of 
resilience models are integrated in the context of interconnected systems of systems.  
Creating more resilient systems is challenging due to the complex nature of the interconnections 
(such as interdependencies between the social and technical systems). Currently it is all 
piecemeal with no ability to model the systems altogether. The panel was in agreement that 
integrating and combining current models is a major challenge and future need. A modular 
framework within a computational platform could potentially present an opportunity for the 
research community to plug and play different with models and couplings of models. The 
concept of a framework to drive the definition and collection of data needed for quantifying 
resiliency rather than looking at step-by-step modeling processes was also highlighted. Ideally, 
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such a framework would account for various hazards, including any social hazards, and serve as 
a means to tie the research and models together.  

4.2.5. Model Scaling 
There has been much discussion on the temporal aspects of modeling and data collection. What 
would be challenges to creating models which are physically scalable?  
The panel was in agreement that model scaling must be assessed on a case by case basis. Some 
models are scalable, but limits should be provided as to where the models are accurate. 
Economic models have been shown to scale well between the county and state levels but may not 
perform well at lower granularities. At the community scale, local knowledge of dependencies is 
required. State and national scale models can utilize coarser data. Beyond that, data would need 
to originate from physical dynamics or actual regulators in the community.  

4.2.6. Model Validation 
The first question that is often asked of modelers is how the models were validated. In cases for 
which we do not have data, such as looking at future states or when trying to answer what-if 
questions, how are models being validated?  
Stress tests, routinely done in banking and nuclear testing, are an option for validation. In this 
case, model components are failed individually or in combination with other model components 
to determine the impact on the overall system. The amount of theoretical validation is strikingly 
low compared to empirical validations. The panel was in agreement that the area of model 
validation needs significant improvement if the models are to be used to support decision-
making and evaluation of resilience alternatives.  

4.3. Common Themes and Key Points (Session 2) 
The following themes and issues emerged from the presentations and discussion on resilience 
modeling research around the world: 

• The current availability and quality of empirical data on physical, economic and social 
dependencies and restoration times for disruptive events is poor. To a large degree, the 
research community is data limited. An increase in quantity, quality, and access to data is 
needed, as it is essential to creating and validating models. Historically, data has often not 
been collected at spatial and temporal scales useful for modeling.  

• Security concerns and constraints have made it difficult to obtain data necessary for systems 
modeling. Sharing of metadata (i.e., information about the data, as opposed to the data itself) 
may be an important first step. Access to metadata may allow researchers to show utility 
owners and other potential data providers the potential benefits of sharing data. 

• Integrating and combining existing system models is a greater priority than developing new 
system models. The concept of a model library or framework could facilitate creating an 
interconnected system of systems.  

• There are many efforts underway around the world to develop and improve resilience 
modeling. Collaboration across academic and geo-political boundaries could foster new 
breakthroughs in systems modeling.  
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• Increased input from the community and stakeholders is desired. There is a need to better 
understand human cognition and adaptive behavior within infrastructures. 
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5. Session 3: Modeling of Systems and Dependencies 

5.1. Session Presentations 
5.1.1. Evolution of Hazard Assessment Modeling in Drinking Water Systems 
Presenter:  Dr. Royce Francis, Assistant Professor of Engineering Management and Systems 

Engineering, The George Washington University 

Dr. Francis delivered a presentation on the evolution of hazard assessment modeling in drinking 
water systems, detailing the shift from primarily intentional events (e.g., terrorism) towards an 
all-hazards risk management approach. The talk covered the rationale for vulnerability 
assessment from the Bioterrorism Act of 2002, the transition to all-hazards analysis in 
Environmental Protection Agency (EPA) and American Water Works Association (AWWA) 
frameworks, and concluded with two example assessment tools representing the expanding scope 
of the knowledge bases required for all-hazards assessment.  

The Bioterrorism Act of 2002, Title IV provided the initial impetus for securing drinking water 
systems following the 2001 World Trade Center attacks. Key innovations of the bioterrorism act 
were presented, such as the requirement for utilities to conduct vulnerability assessments, to 
prepare an emergency response plan, and to prepare for various system disruptions (e.g., supply 
disruptions or the intentional introduction of chemical or other agents to the system). The act 
resulted in significant advances in distribution system monitoring research.  

Transitioning to an all-hazards analysis, how and why it has become apparent that natural 
hazards are more of a threat to drinking water systems than man-made hazards was discussed. 
Hardening a system for all-hazards may also be effective against man-made attacks or hazards, 
while hardening a system to protect against man-made attacks may be less effective against 
natural hazards. Tools developed to support all-hazards analyses for drinking water utilities 
updating their bioterrorism act vulnerability assessments include the EPA Vulnerability Self-
Assessment Tool (VSAT), the EPA Water, Health, and Economic Analysis Tool (WHEAT), and 
the AWWA J100-10 Risk and Resilience Management of Water and Wastewater Systems 
(RAMCAP). The EPA tools, VSAT and WHEAT, are intended to be used in combination. The 
objective of VSAT is to identify critical assets, threats, effective countermeasures and costs; and 
the objective of WHEAT is to support the assessment of economic and health consequences. The 
AWWA J100-10 RAMCAP requires a ranking of critical assets for prioritization of resilience 
activities.  

Two examples used to highlight the expanding area of all-hazards assessment within the water 
systems framework include the development of an Adaptation Toolbox for Southeast Florida 
Water Supplies and the Water Resources Dashboard. The former includes a set of adaptation 
tools and fundamental empirical and physical data; and the later aims to be a one-stop location 
for water-relevant climate data sets.  

5.1.2. Modeling Water Distribution System Resilience 
Presenter:  Ms. Katherine Klise, Senior Member of Technical Staff, Sandia National Laboratory 

Ms. Klise’s presentation outlined the modeling components of the Water Network Tool for 
Resilience (WNTR), demonstrated the use of the tool, and showed how WNTR can help water 
utilities estimate potential damage, evaluate preparedness, prioritize repair strategies, and 
identify worse case scenarios.  
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The motivation and background for the development of WNTR was the fact that water utilities 
are vulnerable to a wide-variety of human-caused and natural disasters. Additionally, influences 
on the resilience of drinking water systems were identified as design, maintenance, operations, 
and interdependence with other infrastructure. Several important questions were laid out that 
must be considered in drinking water infrastructure resilience: What kind of infrastructure 
damage would be expected? How long would the system continue to provide water to 
customers? Which customers are impacted the most? What kind of restoration actions would be 
helpful and how should they be prioritized? What can utilities do to prepare? 

Software capabilities of WNTR include: simulation of disaster scenarios; measurement of 
quantitative resilience indicators; benefit evaluation of utility response; and evaluation of 
improvement in resilience. The WNTR modeling framework was discussed in detail. The general 
flow of the framework was presented as generating a network model, defining disruptive events 
and restoration actions, simulating hydraulics and water quality, computing resilience, and 
finally analyzing and visualizing the results.  

WNTR employs tools such as EPANET and NetworkX to define and analyze network structure, 
components, leaks, and interconnectivity. Disruptive events are defined using fragility and 
survival curves to capture the probability of damage. The controls, demand, components, and 
attributes of the network can also be modified to match a particular scenario. Restoration actions 
(e.g., type of repair, number of crews, time to repair, firefighting capacity) are similarly defined. 
Hydraulic simulation and water quality simulation are performed using EPANET. WNTR 
includes a leak model to explicitly model water lost between the time when the leak starts and 
the time when crews can isolate and repair the leak. Metrics that are used to quantify the 
resilience include topography (e.g., shortest path lengths, bridges, articulation points, centrality), 
hydraulics (e.g., availability, pressure, Todini index, entropy, population impacted), water 
quality/security (e.g., water age, mass consumed, extent of contamination, population impacted), 
and economic (e.g., network cost, greenhouse gas emissions). Finally, results are stored in a time 
indexed database in order to analyze and visualize the results.  

5.1.3. Power Distribution Systems: Modeling of System Dependencies and 
Interdependencies 

Presenter:  Dr. Charles Macal, Senior Systems Engineer, Argonne National Laboratory 

The presentation by Dr. Macal discussed modeling of system dependencies and 
interdependencies as related to power distribution systems. Part 1 of the presentation discussed 
the background motivation for the modeling; in Part 2 modeling methods were presented; in Part 
3 modeling results were discussed; and in Part 4 future challenges to modeling of power 
distribution systems were covered. 

First, the issue of increasing interdependencies between infrastructure systems was discussed. 
For example, the growing reliance of the electric power system on cheap and clean natural gas 
for power generation is creating a significant and growing dependency of the electric power 
system on the natural gas system, while, at the same time, the natural gas system heavily relies 
on electricity for its operation. These interdependencies create the possibility that both systems 
are potentially more vulnerable. Eight top questions, determined from literature review and 
interview, to best assist with understanding stakeholder requirements were presented. 
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Next, the link between infrastructure modeling and infrastructure resilience was explored. Two 
specific power distribution infrastructure models were presented: EPfast and NGfast (for electric 
power and natural gas systems, respectively). These models are linked by modeling the critical 
interdependencies between these systems. To demonstrate the model interdependencies, a 
hypothetical power disruption scenario set in North Dakota was presented. Local effects (e.g., 
downed power substations, local blackouts, disruption to natural gas processing plant, and 
reduced flow of natural gas), downstream effects (e.g., reduced gas delivery, reduced/halted 
production at gas-fired electric power plants, widespread blackouts), and restoration of the 
system were all discussed.  

Concluding, several challenges for advancing infrastructure and interdependency modeling were 
identified. Challenges include: better defining end-user requirements; identifying data needs for 
modeling; exploring development of integrated modeling approaches; delivering useful and 
useable models to users; and fostering collaboration among the R&D community.  

5.1.4. Reliability Assessment of Interdependent Networks Based on Survival 
Signature 

Presenter:  Dr. Matteo Broggi, Senior Research Associate, Leibniz University Hannover 

The subject of Dr. Broggi’s presentation was reliability assessment of interdependent networks 
based on survival signature. Due to the complexity of the interdependencies, dependent failures 
are very difficult to predict and hence dangerous, in particular, when the initiating event is 
seemingly unimportant. Dr. Broggi proposed a solution based on the concept of survival 
signature which provides a novel basis for complex network analysis, outperforming traditional 
analysis techniques in numerical efficiency when estimating the reliability of networks.  

An introduction to the current analysis of complex systems began the presentation. Traditional 
analysis techniques were identified as fault tree analysis and reliability block diagrams. 
Limitations of traditional analysis techniques were identified as dependencies, common-cause 
failures, time-dependent behavior, lack of information, and complex network structure.  

Next, an overview of survival signature was presented. The key advantage of the survival 
signature approach is the complete separation of the structure of the network from its 
probabilistic characteristics. Once the signature of the network has been analyzed, the reliability 
analysis can be carried out by evaluating only the probabilistic structure, which makes the 
analysis particularly efficient. 

A numerical example of modeling a hydro-electric power plant system was presented. Results 
from such an analysis allow the modeler to: assess sensitivities of the system reliability with 
respect to the imprecision of the model; control for the modeling accuracy; and control for 
detection precision and modeling refinement in critical parts of the system.  

5.1.5. Climate & Complexity: The Resilience of Natural-Built-Human Systems 
Presenter:  Dr. Auroop Ganguly, Associate Professor of Civil and Environmental Engineering, 

Northeastern University 

Dr. Ganguly’s presentation focused on transferring climate science to impacts with uncertainties 
and what this could mean for the resilience of systems in general. He began his presentation with 
a discussion of climate risks, presented an example of a cascading failure in India, and 
introduced a framework for assessing climate impacts on infrastructure systems and evaluating 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

28 

post-disruption recovery options. Finally, the generalization and application of this framework 
towards ecological systems is discussed.  

The presentation began with Hurricanes Sandy and Katrina as examples of climate risks to 
natural-built-human systems. The disastrous effects witnessed after these hurricanes were the 
result of the climate (e.g., hurricane), the state of the built environment (e.g., an ASCE 
infrastructure rating of D+), and society (e.g., increasing population in vulnerable urban-coastal 
areas). Modeling challenges surrounding climate change were identified as uncertainty and non-
stationarity that are often difficult to quantify. Additionally, in climate there are certain things 
that are known at large dynamical scales and translating what that means to an infrastructure 
scale is not always an easy task. In the context of natural/climate hazards, it is important to not 
just understand at a high level but to also understand what the signatures of the impacts on 
infrastructures are. As example, he discussed heat waves (projected to be longer, more intense) 
and hurricanes (projected to be fewer, more intense). He stressed that those kinds of changes 
have important implications for urban coastal areas.  

An example of a cascading failure in India during the delayed monsoon season of 2012 was 
presented. Much of the agricultural sector in India is dependent upon the monsoon season, hence 
the delay caused an increase in energy demand to pump additional groundwater. The delayed 
monsoons were also accompanied by an extreme heat wave, leading to increase air conditioning 
usage and further increasing the energy demand. This combined energy demand increased the 
stress on the electric power grid, leading to failures which quickly spread across the system, 
resulting in widespread blackouts across India. The cascading failures ultimately led to impacts 
on the Indian Railway Network – which is the supply lifeline of the nation.  

Lifeline infrastructure networks in the framework of national resilience were next presented. By 
analyzing hazards in conjunction with sophisticated network representations, system resilience 
can be enhanced. A framework for assessing climate impacts on infrastructure systems was 
introduced. The framework follows a general risk-centric approach, considering the threat, 
vulnerability, and consequence of a hazard in conjunction with network sciences. This 
framework was used to assess the Indian Railway Network. Using ticketing information, an 
entire network of the railway system was developed. Metrics of the system include strength, 
degree, and betweenness. This network then allows for the ability to begin quantifying the 
response and recovery conceptual curve.  

Finally, generalizing this framework and its application to ecosystems was presented. In ecology 
there is a concept called a keystone species. A keystone species was defined as one which will 
disproportionately help sustain the ecosystem. If the ecosystem is damaged, the keystone species 
are those which should be introduced back into the society to achieve near pre-event 
performance of the ecosystem. This is similar to an infrastructure system where a centralized 
node might be more critical to the overall system performance than an outlying node with fewer 
interdependencies.  

5.1.6. Natural Disaster Impacts on Infrastructure Systems and Society 
Presenter:  Dr. Judith Mitrani-Reiser, Assistant Professor of Civil Engineering and Co-Director 

of Center for Systems Science and Engineering, Johns Hopkins University; Director 
of Disaster and Failure Studies, National Institute of Standards and Technology 
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Dr. Mitrani-Reiser delivered a presentation on natural disaster impacts on infrastructure systems 
and society. She began her talk with a review of performance-based design and resilience-based 
design. She then presented an NSF-funded Resilient Interdependent Infrastructure Processes and 
Systems project titled Resilience of Critical Infrastructure-based Societal Systems (CIbSS), as 
well as a CDC funded project titled Composite Post-Event Well Being (CoPE-WELL).  

Using the Pacific Earthquake Engineering Research (PEER) Center’s Performance-Based 
Earthquake Engineering (PBEE) methodology, a conceptual overview of performance-based 
design as related to buildings was delivered. This general methodology was outlined to include 
hazard, structural, damage, and loss analyses. Performance-based design must also take into 
account downtime in buildings including repair time (e.g., the length of time necessary to 
procure items and conduct repairs) and mobilization time (e.g., the delay before construction 
begins including: time for damage inspection, consulting with professionals, bidding process, 
clean-up). For some building occupancies (such as hospitals) performance-based design 
procedures will not suffice in capturing the loss of important services.  

The example of a hospital was used to convey the process of resilience-based design, which is 
able to take into account various services within the structure. Using this methodology, resilience 
curves (e.g., functionality versus recovery time) can be created for various hazard scenarios. This 
methodology can be seen as a continuous feed process, including: design, hazard analysis, 
structural analysis, damage analysis, repair and operability analysis, and resilience analysis. It 
was summarized that while helpful for individual buildings, it will not suffice in capturing 
disaster impacts on important community institutions.  

CIbSS and their interdependencies with other infrastructure systems such as water, wastewater, 
power, natural gas, communication/cyber, and transportation were next discussed. The resilience 
of the entire CIbSS is assessed by employing discrete event simulation, care-paths that span 
critical units, resource tracking, and metamodeling with interactions. The concept can be applied 
to population displacement, food security, economic security, and healthcare delivery. Key needs 
to advance modeling of resilience in CIbSS were identified as: a holistic approach to capture 
community functioning over time, models that span multiple scales, effective use of data that is 
collected over a wide range of time scales, and models that capture the complex interactions of 
many community institutions.  

Finally, the CoPE-WELL model was presented. CoPE-WELL is a linked conceptual and 
computational model with the eventual goal of serving as a decision support tool for local, state, 
and federal stakeholders seeking to enhance community functioning and resilience. This model 
takes into account various community functioning domains such as communication, economy, 
education, food and water, government, housing, healthcare, public safety, and transportation. 
Given an event, its effects on natural and engineered systems, countermeasures, and information 
on population vulnerability, inequality, and deprivation are used to inform the community 
functioning over time (including social cohesion, preparedness & response, and external 
resources).  

5.2. Facilitated Discussion 
Moderators:  Dr. Hussam Mahmoud, Assistant Professor and Director, Structural Laboratory, 

Colorado State University 

Dr. Terje Haukaas, Professor of Civil Engineering, University of British Columbia 
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Scribes:  Dr. Juan Fung, National Institute of Standards and Technology 

Dr. Ken Harrison, Operations Research Analyst, National Institute of Standards 
and Technology 

5.2.1. Keystone Species in a System of Systems 
In his talk, Dr. Ganguly mentioned keystone species in ecological systems as being those that are 
essential to a functioning ecosystem. This raised the question of whether the concept of keystone 
species is useful in thinking about built systems. In other words, can and should we identify 
critical components in a system of systems?  
Extending this concept to the built environment is not straightforward. For a particular 
component, for instance, an electric power network, keystone species might be analogous to 
critical nodes on the network. Within a more complex system of systems, however, interactions 
are more complex, and identifying keystone species is not obvious. Each component is itself a 
piece of critical infrastructure and so arguably critical to the larger system. While the concept is 
intriguing, care should be taken in defining exactly what a “keystone” infrastructure is and why 
this concept would be necessary. For instance, does it add something to the analysis of networks 
that a measure of centrality cannot capture?  

5.2.2. Second-Best Solutions 
In the context of restoring post-event functionality, is it possible to accept suboptimal 
performance? The question raised concern over a possible disconnect between optimal 
functionality in a model and practical functionality for a community facing limited resources. To 
some extent, this depends on the community’s objective function. What does a community 
prioritize in terms of functionality?  
An example of patient throughput was presented by the panel. While optimizing such 
functionality, it may be more effective to strengthen long-term care facilities, which may go 
down following a major event and surge a hospital, as opposed to increasing hospital throughput 
capacity that will rarely be utilized. Giving a community the option to think through its priorities 
can help pin down the objective. 

A similar concern arose over reaching a socially acceptable level of recovery. For instance, 
treating patients on sidewalks may work in the immediate aftermath of the event and having a 
dedicated space (such as a school gymnasium) may be a “socially acceptable” short-term 
intermediate step to recovering hospital functionality. How do we know when we are there and 
how do we model such a scenario?  
Again, what is socially acceptable is up to a community to define. The models can account for 
how long it takes to reach a socially acceptable level, but broadly defining what that means is 
beyond the scope of existing models. Addressing this question in the planning stage, before an 
event occurs, can ensure socially acceptable recovery is appropriately defined. For example, in 
post-Sandy New York City took advantage of excess office space for medical use. The panel 
cautioned that recovery metrics and time scales will vary between communities and so should be 
customized to best use the available resources and alternative spaces. Within the model 
framework, metrics should be weighted with time to reflect the transition from suboptimal to 
optimal decisions as recovery progresses.  
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5.2.3. Alternatives to Scenario-Based Modeling 
Existing models seem predominantly focused on particular scenarios, which can appear ad hoc 
when compared to a probabilistic estimate of the damage under a given event. The panel was 
asked how difficult it would be to perform this type of analysis and what the barriers might be.  
Scenario-based modeling aligns naturally with the way decision-makers (e.g., a utility) think 
about the problem, and so eases the issue of communicating the potential risk. The consensus 
among the panel was that such an analysis is possible but must ultimately rely on simulating 
thousands and thousands of scenarios, either through Monte Carlo or parameterized simulations, 
in order to infer damage distributions. Analytical probabilities are often intractable. In some 
cases (e.g., EPANET), such extensions are not possible in the existing software. In others (e.g., 
WNTR), the software can be extended. There is interest among researchers in developing more 
rigorous, statistically-based models, but this often conflicts with end-users’ goals. 

5.2.4. Model Scale and Boundaries 
Dr. Macal presented a model of an electric power distribution network (EPN) and pointed out 
that such networks are regional. Several questions arose as to how models scale across different 
boundaries (e.g., a region versus a community) when defining resilience.  
Distribution networks are far more complex than transmission networks, though electrical 
transmission networks often extend over large regions and sometimes cannot be directly scaled 
down to a community level. Electrical transmission systems must be solved as whole, from 
which part of the grid can be extracted. In other words, the infrastructure often defines the scale.  

When scaling models or extracting a subset of a critical infrastructure system corresponding to a 
community, how should boundaries be determined for each system?  
An example of hospitals in California wanting to plan for a possible influx of Mexican patients 
was presented by the panel. In this case, modeling outside of the typical network area is 
important to the critical infrastructure of interest to the community. A second example of Boston 
and Cambridge, neighbors who face similar issues but often have conflicting policy across 
jurisdictions, was presented by the panel. An audience member remarked that ethical and legal 
boundaries raise similar issues, so perhaps the problem itself needs a boundary.  

5.2.5. Hazard-Agnostic Models 
Dr. Francis presented the evolution of resilience thinking in water distribution, which has shifted 
focus from man-made threats to the broader area of natural hazards. This presentation sparked 
the question of whether it is possible to map man-made hazards onto natural hazards, so that we 
can focus on the latter while confidently addressing the former in the process.  
The consensus was that this approach may be undesirable. Water supply systems do not behave 
like electric power systems. Water supply systems can take advantage of demand and supply 
imbalances and ample storage to create slack in their systems. Electric power systems, on the 
other hand, must continuously balance supply and demand. More generally, there is skepticism 
regarding the value of developing hazard-agnostic models. Epidemics and bio-threats evolve 
differently on a temporal scale than natural hazards. Additionally, while translating fragility 
curves across hazards (e.g., from earthquakes to floods) may be possible in some cases, it may 
not actually make the system more resilient. As in the discussion regarding scenario-based 
modeling, there is a tension between analytical generality and practicality. 
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5.3. Common Themes and Key Points (Session 3) 
The following themes and issues emerged from the presentations and discussion on modeling of 
systems and dependencies: 

• Response strategies should be prioritized and modeled based on community objectives and 
available resources. Metrics, time scales, and desired level of recovery will vary between 
communities. Models must be flexible to address a wide range of questions, objectives, 
alternatives, and time scales. 

• Improvements are needed in scaling of processes, data, and models. Some systems operate at 
a national or regional level and therefore cannot be modeled solely at the community level. 
Data has historically been collected at non-standard spatial and temporal scales.  

• Interdependencies between and within systems are often complex and can lead to 
unpredictable cascading failures. Interdependencies between infrastructure systems have 
been increasing and are likely to continue to increase. This trend will further increase the 
need for integrated modeling approaches and interdisciplinary collaboration within the 
research community. 

• Attempting to build generalized, hazard-agnostic models to account for the wide array 
hazards to a system is undesirable. This approach can neglect spatial and temporal scales of 
the hazard as well as capacities available to a system. 

• There is a tension in the research community regarding the generality vs. practicality of 
models. Probabilistic models provide a greater generality and rigor than scenario-based 
models but can be more difficult to communicate to the end-user. 
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6. Session 4: Modeling of Recovery 

6.1. Session Presentations 
6.1.1. Physical and Economic Impacts of Earthquakes and Other Hazards 
Presenter:  Dr. Terje Haukaas, Professor of Civil Engineering, University of British Columbia 

Dr. Haukaas began his presentation with a discussion on model granularity, general model 
organization, the computer program Rts (developed by his research group) which coordinates the 
analyses of many probabilistic models, and an optimization model that can be used in the Rts 
program. The second portion of Dr. Haukaas’ talk covered interdependent network systems and 
assessing the resiliency of a community. In the third portion of his talk, Dr. Haukaas discussed 
the integration of building information models (BIM) with traditional finite element modeling 
(FEM), and what role such an integration may have in building optimization. 

A high-level overview of model organization was presented. Broadly speaking, at the regional, 
building, and component levels, there are occurrence models, intensity models based on location 
and magnitude, damage models and loss models. A model framework, Rts, was developed which 
is implemented in a C++ environment and allows the modeler to plug-and-play with different 
model components. Response objects are used to carry information from one model to the other 
to handle model interdependencies. From such a model, one of the main outputs is loss curves. 
Several types of loss curves were identified, including: the probability of exceeding a given loss 
in a certain period of time considering a given hazard (here earthquakes), structural and 
nonstructural drift sensitivities, and acceleration sensitivities. An optimization module which 
takes some sort of risk measure has also been developed for use in the Rts framework. The 
optimization is performed by carrying response object sensitivity through each model and 
utilizing gradient-based observations. 

Looking at networked systems, Dr. Haukaas presented efforts to assess the resiliency of coastal 
communities of Vancouver. In the event of an earthquake, getting resources (e.g., food, fuel, 
medical supplies) to these communities was identified as a significant challenge. In the Rts 
framework, ports, refineries, trucks and ships are modeled as objects that can transport resources. 
As the recovery takes place, some of the ports come back online and deliveries of resources are 
able to continue. A case study was presented of the Powell River community (approximately 
120km northwest of Vancouver) experiencing an earthquake scenario. The community has 10 
days of reserve fuel storage and receives deliveries every 3 days. Typical issues that can be 
analyzed in the model include how keeping the reserve fuel tanks full affects the vulnerability to 
earthquakes and how the demand might change following an earthquake.  

Finally, the ability to communicate across BIM and FEM to establish information rich, structural 
models was discussed. Doing so allows for the consideration of impacts from issues that 
structural engineers typically do not consider (e.g., environmental impacts, down time, etc.) 
throughout the life of a building (e.g., manufacturing, construction, operation, structural analysis, 
demolition). Multivariate fragility curves were identified as a potential improvement to currently 
available damage models. An example of a building with a central core and gravity bearing 
columns experiencing an increasing level of damage was explored. In this case, his research 
group’s approach is to predict damage as a surrogate for the repair action. Once the repair action 
is known, an analysis of recovery time and cost can begin.  
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6.1.2. Road Network Functionality of Istanbul Following an Earthquake 
Presenter:  Dr. Himmet Karaman, Associate Professor of Civil Engineering, Istanbul Technical 

University 

Dr. Karaman presented a study on road network functionality of Istanbul following an 
earthquake. The outline of his presentation was as follows: aim of the study, data, analyses 
(including building damage, debris area and radius, debris direction, and bridge damage), results, 
and conclusion.  

Many scientific studies have concluded that Istanbul will experience a major earthquake 
resulting in extensive structural damage to the built environment. There have been many studies 
performed to assess building damages, but the study presented is the first to focus on the 
transportation functionality following such an event.  

The effects of road blockage due to building collapse and due to bridge damage were both 
considered. Building and bridge damages in Istanbul were estimated in HAZTURK for a 7.5 
magnitude hypothetical earthquake occurring along the main Marmara fault line. It was found 
that buildings near the coast have a probability of collapse or heavy damage exceeding 40%.  

The general modeling methodology for road blockages due to building collapse was outlined 
based on a database of damage experienced in Gölcük, Turkey during the 1999 Kocaeli 
Earthquake. The database is then used to define the building collapse direction and the debris 
spreading distance. Building damage analysis was performed for Istanbul in order to identify 
buildings that have a mean damage of more than 30%. Trends determined using the Gölcük 
database regarding debris spreading were then applied to Istanbul. The results were overlaid onto 
the Istanbul road network to define post-event road functionality. Using the Gölcük database, the 
average distance of the debris spreading of collapsed buildings was 17.45 meters. Using this 
measure as a buffer applied to Istanbul, it was estimated that 3,000 kilometers of road would be 
blocked following a 7.5 magnitude earthquake.  

In modeling bridge damages, considerations were made regarding: bridge classes/types, 
distribution of bridges, and bridge functionality over time (includes anticipated restoration time). 
Immediately following the earthquake, 194 bridges were expected to have a complete loss of 
function. Three and seven days following the event 32 bridges and 1 bridge, respectively, were 
still inoperable. Finally, combining the bridge and building damage assessments, a total of 3,500 
kilometers of road were estimated to be blocked following the hypothetical scenario.  

6.1.3. Measuring and Improving the Resilience of the Built Environment in a 
Community 

Presenter:  Dr. Quanwang Li, Associate Professor of Civil Engineering, Tsinghua University 

Dr. Li’s presentation covered measuring and improving the resilience of the built environment in 
a community. The study considered four building sectors that provide essential functions to a 
community: housing, education, business, and public services.  

The presentation began with a discussion of natural hazard threats to the built environment, such 
as hurricanes, earthquakes, landslides, floods, and storm surge. Regarding resilience of the built 
environment, he pointed out the need for a pre-event measure of functionality to be defined. In 
this study, the population outmigration (or the percentage of people in a community who 
dislocate following a disaster as a result of physical damages to buildings) is used as a resilience 
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metric. This metric was chosen as its occurrence would adversely impact a community’s ability 
to function normally. 

Community functionality is defined as the percentage of population remaining in the community. 
The functionality of the community is based upon the performance of building sectors that 
support essential community activities. Measuring the community functionality is a probabilistic 
function that takes into account the probability of loss of a single community sector (e.g., 
building sector) and the probability of population outmigration conditioned on the loss of one or 
more community sectors.  

A framework for linking community resilience goals to specific performance targets for the built 
environment was developed. Given various probabilities of loss for each of the building sectors, 
a risk matrix is developed. It was assumed that out of four risk categories, if two or more sectors 
are in the most extreme risk category, or if three or more sectors are in the second highest risk 
category, significant outmigration may occur.  

A second framework was presented for determining optimum retrofit strategies based upon the 
community functionality framework. This framework takes into account building type, quantity 
of buildings, cost of retrofit, and time to retrofit. The optimization largely focuses the retrofitting 
in building sectors which have relatively fewer buildings as well as towards buildings with lower 
retrofitting costs, ultimately resulting in higher cost efficiencies.  

A third framework for evaluating the performance of the traffic system to support the community 
recovery process was next presented. This framework accounts for the capacity of the traffic 
system (e.g., ratio of resources shipped daily to resources needed daily for recovery) and the 
probability of damage to, or collapse of, critical bridges. Considerations of the traffic system can 
be incorporated with the community functionality framework and the optimum retrofitting 
framework to determine the recovery time of a community following a given event.  

The frameworks presented can be used to compare and evaluate various pre-event measures and 
what effect they might have on the community recovery time. As an example, a hypothetical 
case was presented where all bridges in Beijing were hypothetically retrofitted for a magnitude 9 
earthquake. Under the given earthquake event, the recovery time of the community with 
retrofitted bridges is significantly reduced compared to the current state.  

6.1.4. Housing Demand & Capacity for Medically Fragile & Vulnerable Populations: 
Modeling Transition through Temporary, Interim, and Permanent Housing 
Recovery 

Presenter:  Dr. Joshua Behr, Research Associate Professor, Virginia Modeling, Analysis, and 
Simulation Center, Old Dominion University 

Dr. Behr presented a study to develop a set of simulation models that allow for the forecast of the 
demand and transition times for temporary, interim, and permanent housing of displaced 
households stemming from weather events. Dr. Behr highlighted the utility of the model in its 
ability to evaluate ‘what if’ testing scenarios for local pre-disaster housing recovery planning 
practices and policies. The definition of resilience used in this study is the ability of the system 
of systems to temper the impact, to hasten the rebound, and to transcend the pre-event normal.  

A high-level overview of the model was presented as starting with housing and neighborhood 
vulnerabilities, regenerative capacities for housing, and storm surge and wind speed data 
projections. This data is fed into a demand-capacity model to obtain information on housing 
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damage by type of structure, displaced populations, and housing production capacity. The 
demand-capacity model then informs the dynamic modeling and production chain models. The 
output from the model is the forecasted housing recovery including supply-demand gap in 
interim, temporary, and permanent housing.  

Next, the storm scenario selection and modeling process was discussed. Three categories of 
storms were selected. The first was a historic tropical cyclone that had previously struck 
Hampton Roads, Virginia causing significant flooding and high winds along its track. The 
second was identified as a quasi-historic storm, where the track of a historical tropical cyclone 
that made landfall outside of Hampton Roads was modified to pass directly over the community. 
The third was called a black swan event, which was mostly user defined and intended to generate 
a truly catastrophic event. Selected storm scenarios included: 1933 Chesapeake-Potomac storm 
(historic), 2012 Sandy (quasi-historic), 1996 Fran (quasi-historic), 1989 Hugo (black swan).  

In estimating the vulnerability of Hampton Roads to each of the selected storm scenarios, many 
dimensions of vulnerability were assessed. For example, financial, mobility, healthcare, 
insurance, social-familial, aged, dependent, and theft vulnerability all fed into the overall 
vulnerability of the localities comprising Hampton Roads. Combining the scenario modeling 
with the spatial vulnerability modeling yields displaced population versus vulnerability and 
owner/renter status.  

In estimating the housing stock reconstruction and repair, time, labor, equipment, and materials 
were all taken into account. Factors such as the type of trade, materials required, cost of labor, 
and time of repair all factor into a construction schedule that can inform overall recovery time. 
Finally, a conceptual supply chain model can also be incorporated to inform the overall recovery 
time, demand and transition times for temporary, interim, and permanent housing, and likelihood 
of persons relocating outside of the community.  

6.1.5. Modeling Recovery: The Role of Disaster Financing 
Presenter:  Dr. Carolyn Kousky, Fellow, Resources for the Future 

In her presentation, Dr. Kousky discussed the role of financing systems in recovery, risk 
perceptions and preferences in recovery, and factors missed by aggregate impacts.  

First two types of disaster financing, ex-ante and ex-post, were discussed. Types of ex-ante (pre-
event) financing include insurance or other forms of securitization; types of ex-post (post-event) 
financing include disaster aid and access to credit. Insurance can provide larger and timelier 
payments to individual households than can disaster relief funding, ultimately leading to: a 
greater likelihood of rebuilding, limited negative economic shock to households; limited negative 
multiplier effects throughout communities.  

Despite the benefits of disaster insurance, take-up rates remain low, and households are unlikely 
to voluntarily insure against disasters. Only about 50% of households in the 100-year floodplain 
have flood insurance and only about 10-12% of households in California have earthquake 
insurance, despite the high risk associated with each of these communities and events. Reasons 
for the low take-up rate of disaster insurance were presented as: high cost, heuristics and biases, 
inaccurate or incomplete information, bounded rationality, transaction/search costs, and myopia.  

The disaster declaration process begins with the disaster itself. The governor must request funds 
from the federal government. A rapid assessment will be performed by FEMA who sends a 
recommendation to the president. The president then decides to issue a declaration that can be for 
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individual assistance and/or public assistance. FEMA then disburses the funds from the disaster 
relief fund, and finally supplemental legislation may be needed. Historically, the number of 
presidential disaster declarations shows a positive increasing trend since about 1950. For 
households, FEMA offers individual assistance grants, though many applications are denied. The 
assistance is often limited in amount and purpose, and can take months or years before it actually 
makes it to the household.  

A new trend in disaster aid is the community development block grant disaster recovery program 
(CDBG-DR). Local governments have a greater flexibility in how the funds are used and the 
funds can be used for recovery and for mitigation (disaster declaration funds can only be used for 
recovery). 

Between 2002-2014, 89% of FEMA spending on hazard mitigation occurred after a disaster had 
occurred, with only 11% of funding occurring before the disaster. A significant portion of 
possible mitigation is not performed for reasons such as: high upfront costs, high transaction 
costs, no compensation for disruption or loss of use during mitigation, risk perceptions, and 
inaccurate/unavailable information.  

Aggregate measures of community wide economic activity may be misleading as there is often 
significant variation in disaster financing at the household level. Some aggregate measures (e.g., 
gross domestic product) can mask critical distributional impacts of disasters or do not equate 
with overall welfare. Impacts from disasters are often localized and distributional consequences 
can be large even when the overall aggregate consequences are low.  

6.1.6. An Integration of Social Vulnerability Data and Mapping Tools for Community 
Vulnerability Assessments and Recovery Modeling 

Presenter:  Dr. Nathanael Rosenheim, Assistant Research Scientist in Architecture, Texas A&M 
University 

Dr. Rosenheim began his talk by highlighting the biggest challenges of social science recovery 
modeling as: integrating qualitative and quasi-experimental research with engineering fragility 
models; model resolutions that show spatial variance in impacts across demographic subgroups; 
modeling short-, medium- and long-term recovery when available data is annual or quarterly; 
modeling variations in infrastructure at the neighborhood level to capture investment, 
divestment, and equity issues. 

Pre-existing community characteristics (e.g., hazard exposure, physical vulnerability, and social 
vulnerability) shape and determine the specific impacts of hazards. When these three community 
characteristics increasingly overlap, the community becomes more vulnerable, and the recovery 
becomes slower. In order to integrate social science into hazard assessments and recovery 
modeling, community characteristics must first be defined in order to identify spatial clusters 
where vulnerabilities overlap.  

Areas with higher vulnerabilities experience disproportionate losses and greater displacement. 
To support this claim, housing recovery indices were presented for Hurricane Andrew in Miami-
Dade Florida and Hurricane Ike in Galveston, Texas. In Miami-Dade owners, who are often the 
less vulnerable population, recovered past the pre-existing level within three years, while renters 
only achieved a 70% recovery in four years. In Galveston, Texas, in four years’ time owners had 
achieved a 67% recovery level while renters had achieved only a 36% recovery level.  
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As an example of social science integration, an analysis was presented of Cameron and Willacy 
Counties in Texas under a hypothetical hurricane causing significant storm surge. Metrics of the 
hazard included pre-defined hurricane surge zones and hurricane evacuation zones. The physical 
vulnerability was based upon several factors such as geographic location, critical facilities, 
interdependencies, and age, and was measured using vulnerability assessment and risk analysis. 
Several metrics of social vulnerability were identified such as: household structure, 
socioeconomic status, gender, race, age, tenure, urban/rural, special needs populations, and 
employment status. Combining these metrics, the entire set can be used in mapping tools to 
capture areas of hyper-vulnerability in context of the hazard exposure.  

Several model dimensions and the fact basis supporting them were presented (e.g., fiscal model 
impacts are supported by tax base and sales data). Several challenging issues that were 
highlighted in regards to community recovery modeling include: time scale, spatial scale, uneven 
and inconsistent data across sectors, analysis expense and time (increasingly so at smaller spatial 
scales), public versus private proprietary data, and compiling all impacts into a single picture.  

6.2. Facilitated Discussion 
Moderators:  Dr. Harvey Cutler, Professor of Economics, Colorado State University 

Dr. Keith Porter, Research Professor of Civil, Environmental, and Architectural 
Engineering, University of Colorado Boulder 

Scribes:  Ms. Jennifer Helgeson, Office of Applied Economics, National Institute of 
Standards and Technology 

Dr. Suren Chen, Associate Professor of Civil and Environmental Engineering, 
Colorado State University 

6.2.1. Defining, Communicating, and Modeling Metrics 
The needs of a community may be different at different times following a disaster. Metrics should 
be defined that are dependent on a temporal period following a major event. For example, 
critical services could be identified for the recovery process. Similarly, metrics of human agency 
as a function of time following a disaster are needed. For instance, the loss of water service for 
one week might not be a significant problem, but no water service for several months might 
result in population outmigration.  
The panel cautioned that metrics and time scales will differ from society to society. Following 
the 2008 earthquake in China, people stayed in temporary housing provided by the government 
for several years, trusting that the government would fix everything.  

It was proposed to the panel that metric definitions and capabilities to define metrics are 
satisfactory, and instead that the real issue is that modelers are not very good at communicating 
the metrics. It is not always clear which metrics should be highlighted and important metrics 
(such as system capacity) are often omitted. Which are the pre-disturbance metrics that are 
important to communicate to communities?  

Valuable pre-disturbance metrics for vulnerability should be defined in three areas: social, 
economic, and building stock. Populations that are vulnerable to all three should be identified 
and communicated prior to an event. Tools can be used to ameliorate issues before a disaster 
occurs. Metrics in the response phase may be similar to the pre-event phase. Ideally the city 
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manager will be able to give meaningful estimates based on implementing a resilience plan that 
was put together before the event. 

What are the key metrics and how close are modelers to being able to model them in advance of 
a hazard event being realized? How easy is it to estimate and control these metrics ahead of 
time?  

One key metric that was suggested is the time to repair. Repair time (e.g., to homes, businesses, 
schools, hospitals, infrastructure) is indicative of the time it takes for community functioning to 
resume. One panel member suggested key measures are relatively easy to determine ahead of 
time, but the question is how to appropriately combine them. Appropriate network analysis of 
how these things fit together is missing. However, there was disagreement among the panel with 
the notion that the metrics are easily defined or stable, noting that there are still challenges 
particularly with metrics related to social issues. For example population recovery might not be a 
positive indicator if there are some people that are better off (long-term) relocating than coming 
back to the community.  

6.2.2. Cascading Recovery 
Dependencies and cascading failure effects have been discussed in throughout this session. The 
question was raised as to whether recovery can be viewed as cascading in the same way as is on 
the risk side? 
The panel was in agreement that a community is a system of systems and repair of one system 
will affect the recovery in another system. As such, methodologies could be developed to find 
optimum strategies to effectively and efficiently improve the systems. Several key links in 
communities that could be formulations of such cascading effects in recovery were identified by 
the panel, such as the links between: business recovery and housing recovery; retaining key 
societal roles (e.g., teachers, fire fighters, etc.) and community functioning; the establishment of 
a safety-net health system and societal well-being; and satisfying Maslow’s hierarchy of 
individual needs during recovery and community recovery.  

6.2.3. Policy Decisions and Recovery 
How do policy or governance decisions affect recovery? Is it positive, negative, or both?  
When governments issue travel bans or mandatory curfews or closures during hazard events, this 
can have a positive impact on safety but a negative impact on business. In terms of recovery, 
there are requirements when federal dollars are involved. In the U.S., FEMA provides tools and 
guidance on how to conduct a benefit-cost analysis, but this is usually problematic for 
communities that want to build back better. There are a number of blanket policies without 
appropriate flexibilities. An example was provided from Hampton Roads where different 
localities have different views and plans for resilience. Some are interested in building back 
stronger while others are interested in a speedier recovery. Communities that use build back 
better approaches may be more resilient, but they will pay up front for delaying the rebuilding 
process. This is also an additional burden on the poor. 

The possibility of community-wide insurance policies was presented to the panel for discussion. 
For example, a hypothetical city could buy an insurance policy, on behalf of those who can’t 
afford the cost of insuring, in order to guarantee how soon the expected recovery status may 
actually return.  
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Situations similar to the hypothetical presented to the panel are currently being explored and 
enacted with mixed results. A study was discussed where taxes from property level assessment 
were found to be a viable funding source for a community flood insurance policy for places with 
low income populations located in vulnerable areas. This solution could act to increase the 
community resilience and decrease recovery time. An example was provided following an 
earthquake affecting Istanbul, where the government placed the most disadvantaged population 
in new housing with a guarantee of housing for 15 years. At the end of the 15 years, the 
population was forced to leave the housing. This solution essentially delayed the original 
consequences of the disaster.  

Regarding storm surge hazard, the main discount for insurance is on elevating your house. The 
panel was asked from the policy perspective what other options, which are more easily 
incorporated, are good for resilience?  
Affordability is a key issue of flood insurance. The riskiest properties are the most expensive to 
insure. Places that have a discount on insurance premiums have issues with insurance companies, 
as the companies don’t think that the discounts are connected to their rates and reduced risk. 
Additionally, discounts are typically so low that they don’t spark new mitigation. 

6.2.4. Social Vulnerability 
Depending on economical and societal conditions, communities have been found to behave 
differently and have differing priorities following a major disruptive event. Should the social 
vulnerability matrix consider the intention of the community?  
The panel was in agreement that it would be better for overall resilience and recovery to have a 
community create a set of indices or metrics unique to its own priorities and preferences. 
Regarding increased social cohesion, in recognizing the importance of a process and bringing 
people together, it is important to figure out preferences and values ahead of a disaster event. The 
capacities of groups in communities should be recognized and made visible in the modeling. 

Social cohesion and community bonds can be positive but so far social vulnerability has been 
discussed in a negative light. Can it be considered on the positive side? There may be community 
characteristics that result in needing different services but that may ultimately help in recovery. 
Dissatisfaction with the term social vulnerability was expressed. It is negative and does not 
capture social abilities. Thinking about vulnerability as increased uncertainty may be one 
solution to overcome this negative casting.  

6.3. Common Themes and Key Points (Session 4) 
The following themes and issues emerged from the presentations and discussion on modeling of 
recovery: 

• Social vulnerabilities and interdependencies have a significant effect on the impact of 
hazards and should be taken into account in modeling recovery. Pre-existing community 
characteristics (e.g., physical and social vulnerabilities) will shape and determine the path 
and speed of recovery. 

• Similar to failure, recovery can also be viewed as a cascading process. Recovery of one 
system is likely have a positive impact on other connected systems. This information should 
be used to optimize resilience and recovery measures. One example is the linkage between 
housing recovery and business recovery. 
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• Pre-event community metrics should be quantified regarding social, economic and 
infrastructure systems. This information can be used to inform resilience policies prior to an 
event and to evaluate the performance of such policies in the days, months, and years 
following an event. Consideration should be given to both social vulnerabilities and social 
abilities (e.g., social cohesion and community belonging). 

• Key challenges to modeling recovery include temporal and spatial scales of data, inconsistent 
data across sectors, and high analysis time and expense. 

• Aggregate measure of social and economic recovery at the community level can mask more 
severe impacts and slower recovery within specific neighborhoods or population groups. 

• Households are unlikely to voluntarily insure against rare events. As a result, recovery is 
often dependent upon access to disaster aid and credit. 

• Modeling of recovery must be flexible. Different communities will have different resilience 
and recovery goals. For example, some communities may focus on building back faster while 
others may focus on building back better. There may also be different preferences in terms of 
resources allocated to pre-event mitigation vs. post-event recovery.   
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7. Session 5: Case Studies and Validation 

7.1. Session Presentations 
7.1.1. GRRIT® - a Sustainable Tool for Reducing Weather and Climate Impacts 
Presenter:  Dr. Cindy Bruyère, Deputy Director, Capacity Center for Climate and Weather 

Extremes, Mesoscale and Microscale Meteorology Laboratory, National Center for 
Atmospheric Research 

Dr. Bruyère gave a presentation on the management of data and models for resilience 
assessment. She began with an overview of the National Center for Atmospheric Research 
(NCAR) and its Capacity Center for Climate and Weather Extremes (C3WE). She next discussed 
the motivation for the initiatives underway at C3WE and the importance of effective 
communication in resilience analysis and planning. She then presented the Global Risk 
Resilience and Impacts Toolbox (GRRIT). Finally, two tools in GRRIT were presented as 
examples of its capabilities.  

The number and cost of natural hazards are increasing. Potential causes for the increasing cost of 
natural disasters include: climate change and variability; increased development and relocation to 
vulnerable areas; and lack of planning. The largest contributor to the increased cost of natural 
disasters was identified as the communication gap, with over 60% of engineering failures 
directly attributed to lack of knowledge and communication of information as their primary 
causes of failure. One example given was in communicating climate change effects on hurricane 
activity to a manager. Instead of communicating in terms friendly to scientists and engineers 
(e.g., change of power distribution of storms in the North Atlantic), it would be more effective to 
communicate in terms friendly to the manager (e.g., the cost of hurricanes due to climate change 
is projected to increase by X dollars in Y years).  

Next, GRRIT was presented. This toolbox is an entire framework that is supported at its 
foundation by data of various types hosted on a large number of computers not necessarily 
owned or operated by NCAR. NCAR does not want to be the custodian of others’ data, but wants 
to provide links between databases and serve as a resource to point the community in the right 
direction. Once captured, relevant data are fed to decision-making tools to provide insights to 
critical questions related to extreme weather and climate risk and resilience. 

Two tools of GRRIT were next presented as examples of its capability. The first tool was 
specifically for the off-shore oil industry to assess their vulnerability to hurricane hazards and 
estimate the amount of damage that is likely to occur. There exists a weak relationship between 
the Saffir-Simpson hurricane scale and expected damages (10% correlation) and the need for a 
more reliable index. Using wind speed, translational velocity, and storm size, a cyclone damage 
potential index was developed, which yielded an 80% correlation to the expected damages. This 
tool also has an extension for a future scenario, so a manager can use possible future trends to 
determine what level of damage they might expect into the future and evaluate alternative actions 
they might want to take.  

The second tool discussed was one developed for the construction industry. When the 
construction industry bids for a contract, they look at the historical period and estimate 
contingencies for budgeting. This method could be vastly improved if the construction industry 
had advance knowledge of weather they might expect. For example, instead of projecting an 
average of 5 days contingency for rain in Houston, what if it was known to be an El Niño (or La 
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Niña) year and Houston was projected to be much wetter (or drier)? The three major weather 
sensitivities of the construction industry are temperature, rainfall, and winds. From this 
foundation, a tool was created that can produce maps which provide more useful information 
than standard above, at, or below normal projection estimates for a geographic area. The tool can 
yield information such as the number of days when temperatures will be above 40°F and when in 
the season a particular extreme (e.g., cold/hot, wet, windy) trend might occur.  

7.1.2. Resilience Modeling Innovations of the HayWired Planning Scenario 
Presenter:  Dr. Keith Porter, Research Professor of Civil, Environmental, and Architectural 

Engineering, University of Colorado Boulder 

Dr. Porter’s presentation highlighted several resilience modeling capabilities of the USGS’s 
HayWired earthquake planning scenario project. He first provided an overview of the HayWired 
project and its origins. Dr. Porter then discussed the societal impacts of building code 
performance objectives and the fact that life-safety design can lead to unacceptable building 
impairment in a large urban earthquake. Public preference, expectation, and willingness to pay 
for seismic resilience of new buildings were also discussed. Next, Dr. Porter presented a new 
water supply model with lifeline restoration, interaction, and resilience measures. Concluding the 
talk, several open questions were posed to the audience and broader resilience modeling 
community.  

Building codes, particularly the IBC and ASCE7, aim to protect life safety and in earthquakes 
they do that job very well. The audience was led through an example of two cases where the 
entire building stock of the San Francisco Bay Area was assumed to be: 1) compliant with 
current design codes, and 2) 50% stronger (e.g., can survive 50% stronger shaking) than current 
design code requirements. The second case reduced the probability of collapse due to shaking by 
about one third. For each collapsed structure there are approximately 60 impaired (red or yellow 
tagged) structures. Results presented from the HayWired experiment show roughly 8,000 
structures collapse at the code compliant level compared to 2,000 with the 50% increase in 
strength. For an entirely code compliant building stock, there are 100,000 and 400,000 red and 
yellow tags, respectively, affecting 1.5 million people, 150,000 businesses, and 24% of the 
buildings in the 9 counties surrounding the San Francisco Bay area. There isn’t enough vacancy 
in the San Francisco Bay area to accommodate all of the displaced people, which will result in 
out-migration. In the HayWired experiment with the 50% stronger buildings, results show only 
6% of the building stock is impaired, which almost meets an urban planning objective of 95% of 
people being able to shelter in place after a large EQ. 

An overview of a first-ever large survey conducted to determine what the public would prefer if 
they knew realistic cost and performance options was presented. Results from the survey show 
the largest number of people expected a building to at least be occupiable after a once in a 
lifetime earthquake event and nearly 20% of them expected or wanted a building to be 
functional. Only about 22% of survey respondents expected or wanted the performance that the 
building code actually provides (life safety). Next, the survey sought to determine if and how 
much the public would be willing to pay for the desired increase in structural performance. 
Putting the cost in familiar terms, the increase in performance would cost approximately $3/sf. 
The majority of survey respondents said they would be willing to pay at least that much. He also 
reported, however, that this finding is in direct contradiction with interactions with most builders 
and owners. The issue is not in the cost itself but with cost competitiveness. Builders would 
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prefer a mandatory design strengthening applicable to all in lieu of an optional code plus design 
alternative that may increase their bid over their competitors.  

The second topic presented covered a new water supply model that includes lifeline restoration, 
interaction, and resilience. In a shakeout scenario for southern California, business interruption 
losses due to loss of water service accounted for about a quarter of the overall loss. Damage from 
shaking, liquefaction, landslide, post-seismic slip, and after-slips are included in the damage 
analysis. He stated that a simple approach (that of HAZUS) is used to estimate the level of 
service after the earthquake. A linearized approach was presented to including lifeline interaction 
without performing a full system of systems analysis, which can be overly demanding in terms of 
data and analytical requirements. In the linearized model, up-stream lifelines are characterized 
and impairment is only propagated downstream. The overall loss to society caused by a loss of 
water service is estimated at $770 per customer per day of no water service. From the HayWired 
scenario, comparing the initial level of service on two sides of the Oakland/Berkeley Hills, 85% 
of customers east of the hills have water supply and 10% of customers west of the hills have 
water supply after the main shock. Having a fuel plan in place results in a resilience benefit of 
200,000 service days less loss or restoration of water service 1 day sooner for the average 
customer, or $150 million in savings to society.  

Concluding his presentation, two issues were posed to the audience. The first is the issue of 
human agency. For example, how long will people tolerate dry taps before they will relocate? 
The second issue is a lack of understanding in what motivates and restrains utilities from making 
resilience investments and what influences the decision-making process.  

7.1.3. Model Validation: The Joplin Tornado Hindcast 
Presenter:  Dr. John van de Lindt, Distinguished Professor in Infrastructure, Co-Director of 

Center for Risk-Based Community Resilience Planning, Colorado State University 

Dr. van de Lindt’s presentation focused on model validation through hindcasting of the Joplin 
tornado. The general outline of Dr. van de Lindt’s presentation was: an overview of the 2011 
Joplin, Missouri tornado event, field study data collection and mapping, single sector validation 
focused on the electric power network and on the building sector individually, and multi-sector 
validation considering the electric power network and the building sector simultaneously. The 
presentation was concluded with a discussion of next steps and future solutions. 

First, the demographics of Joplin including: geographic size, population, total retail sales per 
capita, median household income, travel time to work, gender, race/ethnicity, and age were 
covered. The tornado that struck Joplin on May 22, 2011 was an EF5 on the Enhanced Fujita 
scale and had multiple vortices. There were 161 fatalities, 1150 injuries, and monetary losses of 
$2.8 billion as a result of the event. Damage that occurred to critical infrastructure such as the 
water network, the communications network, and the electric power network, was presented. 

Next, the field study, data collection, and mapping efforts were discussed. The high level 
mapping procedure involved syncing camera and GPS equipment, conducting a field study with 
GPS running, geo-locating photos, and creating a web map. Data collection consisted of 2,600 
photographs, interviews with residents and builders, and 360° videos along streets in affected 
areas. Damage contours were derived from the geo-located photographs. Information on the 
recovery of buildings, housing, water, and electric power networks was also developed. Key 
impacts of the 2011 tornado include: more than 17,000 people were affected and 9,200 were 
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displaced; five of 19 schools were totally destroyed; four additional schools were damaged or 
partially destroyed; and 4,200 of the 7,500 students in Joplin were displaced. Several mental 
health statistics were highlighted, including: a 40% increase in domestic violence, 10% increase 
in suicide, and an increase in the population experiencing mental health issues from 13,000 to 
14,500.  

Key elements of the electric power network that are captured in the model include: transmission 
and distribution lines, substations, and transmission and distribution poles. To perform a damage 
analysis, fragility functions were used for each network component. The distribution of damage 
along a tornado path is based on statistics of all tornadoes on record in the U.S., with the 
probability of damage in each of the EF scales as a function of distance from the storm track. 
Using a simplified straight line path simulation technique, an average of 70 transmission towers 
and 3,446 distribution poles were modeled as damaged in the EF2 damage region. Using the 
actual track and damage path, an average of 113 transmission towers and 3,744 distribution poles 
were modeled as damaged in the EF2 damage region. This was compared to 135 transmission 
towers and 3,850 distribution poles actually damaged in the same area.  

Eighteen new fragility functions were developed for various structure types (e.g., single story 
residential with hip roof, strip mall, etc.). For each structure type, fragilities for each of four 
damage categories (e.g., slight, moderate, extensive, complete) are defined. To estimate the 
damage in the buildings, each building is converted to a point that maps back to various 
characteristics for the sake of data compression. Preliminary results were presented, where all 
buildings less than 5,000 square feet were randomly assumed to be one of five residential 
building types. Results from this scenario show 2,780 buildings in the EF3 region were modeled 
as heavily damaged or demolished, compared to 3,181 buildings that were actually heavily 
damaged or demolished in the same region.  

For multi-sector model validation using the electric power network and the building stock, the 
two systems can be overlaid within the model. This enables the model to determine which 
buildings have lost power and how long it will take for recovery. Within the model, resource 
units can be limited to replicate a post-event supply chain scenario. No results were presented for 
multi-sector validation, which was still in progress at the time of the workshop. 

Concluding the presentation, several next steps for the Joplin Tornado Hindcast were identified, 
including: accurate fragility assignments to all buildings; coupling of buildings and the electric 
power network; inclusion of other physical infrastructure sectors and costs; one-way 
dependencies; and coupling of buildings with social demographics.  

7.2. Facilitated Discussion 
Moderators:  Dr. Elise Miller-Hooks, Professor and Chair in Infrastructure Engineering, George 

Mason University 

Dr. Judith Mitrani-Reiser, Assistant Professor of Civil Engineering and Co-
Director of Center for Systems Science and Engineering, Johns Hopkins 
University; Director of Disaster and Failure Studies, National Institute of 
Standards and Technology 

Scribes:  Dr. Maria Dillard, Research Social Scientist, National Institute of Standards and 
Technology 
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Dr. Steve Cauffman, Research Engineer, National Institute of Standards and 
Technology  

7.2.1. Modeling Challenges 
The first two talks discussed the importance of performing exercises. Dr. Bruyère and Dr. Porter 
were asked to comment on the challenges they each overcame to get theoretical models into the 
hands of practitioners in a way that would be useful during these types of exercises.  
Dr. Bruyère’s top modeling challenge was related to developing a practical, useful, accurate, and 
simple tool that the off-shore oil industry could use to relate hurricane damages to insurance 
claim payouts. Dr. Porter’s top modeling challenge was focused on the water side of the model 
and obtaining the utility data necessary to create it. Utilities are concerned about data security, 
researchers issuing information that might cause unintended public response, unfavorable 
information being published, use of time (i.e., doing work that falls outside of normal job duties), 
and working with unfamiliar people or outsiders. Solutions to the challenges were identified as: 
involving the utilities in the peer review process and allowing the utilities to have approval rights 
of the model, non-disclosure agreements formed between the private consulting company and 
utility companies, incentives (tech transfer and ownership of research, free research on a topic of 
value to their industry, partnership with USGS), and developing on-going relationships with 
utilities. 

7.2.2. Increased Resilience and Hardened Design 
In his presentation, Dr. Porter presented a 1% increase in construction costs associated with a 
higher level of design. He was asked to comment on the feasibility of the 1% cost increase, how it 
may be generalized to different sized projects, and whether it is inclusive of fabrication and the 
uncertainty of performance.  
As further support for the figure, a previous NIST study was cited that looked at change from 
1999 SBC to 2000 IBC and the resulting cost for 7 building types, where similar cost increases 
were seen. The 1% figure is the overall average increase in construction costs for society, and 
cannot be assumed to be uniform over all projects or buildings. An increase in strength may lead 
to other costs which are not included in the figure.  

The hardened design concept was further explored in a similar question. It is easy to pick a 
scenario and say spending 1% more to strengthen our infrastructure will result in less damage. 
The question was raised as to whether this is resilient design or not. Could it be that making 
something harder is less resilient because it takes longer to recover from an event? It was 
postulated that if the load is ignored and it is assumed that the system is going to fail, assessing 
how long recovery takes may allow different design choices to emerge other than hardening.  
There were mixed opinions among the panel members regarding this topic. One point of view 
was that an ounce of prevention really is worth a pound of cure. From this standpoint, the 
definition of resilience as faster recovery is seen as a false premise and strengthening is viewed 
as one of many pragmatic approaches for reduction of loss. On the other hand, it was 
acknowledged that a community is not always able or willing to design to the ultimate level. It 
should be evaluated what is absolutely necessary to harden and where something can be allowed 
to fail. Some current concepts do allow for damage and replacement of components after 
damage. 
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Dr. Porter closed his presentation with the question as to what drives investment in resilience 
and Dr. Bruyère mentioned a communication gap. Is it enough to provide more information 
(such as the resilience benefit for utilities or the 1% figure for developers) in order ensure more 
resilience actions and investments or are incentives a necessity?  

The panel was in agreement that incentives are a better driving force than only providing 
information or data showing the cost benefit of resilience. However, there are many more factors 
that affect resilience decisions than incentives. For example, organizations do not typically like 
to be the first to implement such measures. By following others, it helps them to understand 
practical decisions that had to be made in order to make the investment work. The National 
Institute of Building Sciences has issued a white paper on how to provide incentives to the 
private industry. 

7.2.3. Comparison of Modeling Approaches 
Dr. Porter was asked if the linear supply chain approach of lifeline interaction discussed in his 
presentation had been compared to or evaluated against a system of systems model.  
No system of systems analysis had been performed and therefore the differences that might exist 
between the two models could not be defined. Some interaction loops do exist in real processes, 
but they aren’t significant enough that it has caused significant pushback. The simplified 
approach was the only way that partners would participate, as the security concerns of the utility 
associated with providing detailed data for use with MaeViz were too overwhelming. 
Furthermore, HayWired’s program objectives would not allow for the scholarly investigation of 
benefits of each model type. This is the reason that makes the Centerville model such a great 
value. We can gain valuable insights without getting the detailed proprietary data. The work for 
HayWired was intended for decision makers and for providing value to stakeholders. 

This research community deals with uncertainty regarding hazards and responses but it seems 
most of the quantification of uncertainty originates from simulation. The panel was asked to talk 
about the role of analytical approaches in dealing with uncertainty.  
Appropriate analytical approaches were identified, including: first order second moment 
treatment of uncertainty and moment matching. The IN-CORE modeling environment currently 
in development was also discussed. Analytical models play into this broader model through 
fragility development. The panel was in agreement that harder or more complex approaches to 
modeling are not necessarily better. It was argued that Monte Carlo simulation can provide better 
measures of uncertainty than moment matching, is relatively simple to implement, and is easily 
understood by end-users. Additionally, in Dr. Bruyère’s presentation, it was shown through 
comparisons of modeling approaches that the complex model did not yield better results than the 
simple model.  

7.2.4. Scenario Modeling 
It was mentioned that stakeholders prefer a single scenario to design for and prepare for. How is 
uncertainty with a single scenario to be handled when making design decisions?  

The panel was in agreement that a scenario needs to be realistic so that users can wrap their 
heads around it, even if it differs dramatically from an actual event. A scenario is one realistic 
outcome that is worth planning for. End-users want a solid, tangible, well-accepted story and 
uncertainty often undermines this desire and ultimately leads to paralysis in decision-making. As 
a result, HayWired provides a realistic outcome, but no measures of uncertainty. Actual 
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outcomes of the event may differ and this is acknowledged and communicated to the community 
of users. There are also on-going efforts of the NIST CoE in addressing scenarios by creating 
and providing an array of scenarios instead of a single scenario. 

A follow-up question was raised regarding scenario development. Given that there is so much 
uncertainty around the impacts of a hazard, what is the decision-making process in designing a 
perfect scenario for a community? What are the key components of a table top exercise or 
scenario event given that there will be just one event and one impact scenario?  
The value of stakeholder input in scenario development was acknowledged by all panelists. It is 
important to have discussions initially help to determine the scenario design and to find out what 
people really want to know. A one in one million event is not usually a scenario that people want 
to plan for. Simple scenarios are used to create the uncertainty bounds and to present a final 
result.  

A final comment on the use of scenario modeling was presented to the panel for discussion. 
There are design criteria that communities are meant to be designing to. From the discussion, it 
sounds as if scenarios are being offered that might not be consistent with design scenarios. This 
has been a source of confusion in the past because communities didn’t really understand what 
they should be designing for and what they should be expecting. 
The panel responded that there are people in the community who have the expertise to 
understand these differences. There is a mismatch between scenario and design criteria, and the 
building code illustrates this tension. Scenarios help to explain the distinction. Some people see 
design maps and shake maps and don't understand the distinction. 

7.2.5. Model Complexity and Calibration 
For the end-user driven projects, how much do they care about the complexity, accuracy, and 
precision of the models and how much would that change their decisions on the results of the 
models? Do the end-users care that the trend is towards more complex models?  
End-users seem to be less interested in complex models and more interested in high resolution 
data, fast running models, and solid measures of uncertainty. With increasing complexity, the 
opportunity for technology transfer decreases due to the inability of end-users to review and 
evaluate the model. The CoE is currently evaluating the level of complexity, aggregation, how 
uncertainty propagates through a system, and whether uncertainty is so high that decision support 
cannot be provided.  

As models increase in complexity, are they being calibrated? If so, how is the calibration being 
performed?  

No panelists were aware of current calibration capabilities. Future calibration exercises are 
planned for the Joplin Tornado Hindcast, to be performed after version 1. The calibration is 
intended to be systematically documented to reduce bias. NCAR has a wealth of expertise and 
knowledge to develop their theoretical models but has historically lacked data, in appropriate 
quality and quantity, needed for model calibration.  

7.2.6. Collaboration 
Regarding the possibility of NCAR as a hub for software and data, Dr. Bruyère was asked if 
others would contribute to such a library? Would the library include individual pieces of 
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software code or would it serve as a link to different code hosted elsewhere? How do you 
envision this software library?  

The preference by NCAR is for partners to share more than just a link to another website or tool, 
though there is awareness that not all partners may be willing to share all source code for tools. 
The software doesn’t necessarily have to reside at NCAR but could link back to another 
institution. The aim is for a seamless framework or environment that looks and behaves the same 
with all tools or models. 

7.3. Common Themes and Key Points (Session 5) 
The following themes and issues emerged from the presentations and discussion on case studies 
and validation: 

• Data availability is a major challenge for realistic case studies and model validation. 
Solutions to obtaining utility system data include developing ongoing relationship with 
utilities, involving utilities in peer reviews, executing non-disclosure agreements, and 
incentives such as providing research or advice to utilities in exchange for data. Other 
solutions include the development of synthetic communities such as the Centerville model 
from which valuable insights can be gained without the need for detailed proprietary data. 

• Model calibration and validation have significant room for growth. Calibration and validation 
are crucial if the models are to be used in the decision-making process. Comparisons are 
needed across models to understand the effects of model granularity and complexity. 
Simplifying assumptions and sensitivity studies, such as one-way coupling between systems 
and deterministic scenarios, can be used to develop simplified models and test the 
components of more rigorous and complex models. 

• There is a potential disconnect between scenario-based modeling and probabilistic modeling 
and in the level of complexity desired by the research community and end-users. This can be 
addressed by developing an integrated set of rigorous probabilistic models for use by the 
research community and a more practical, scenario-based tool for community planners that 
provides realistic measures of uncertainty that have been derived from the research models. 

• Communication and collaboration with stakeholders, the public, and amongst the research 
community should be improved and built upon. Better communication with stakeholders and 
the public can increase reception and implementation of resilience measures.  

• A common library to access data and models could facilitate collaboration and shed new light 
on critical questions of resilience.  
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8. Resilience Table-Top Exercise 

Presenter:  Nathaniel Forbes, Director, Forbes Calamity Prevention 

8.1. Scenario Overview 
Mr. Forbes ran a table-top exercise under the fictitious scenario of Hurricane Nat. The main 
objectives of this exercise were to demonstrate the importance of cooperation between public 
and private sectors in disaster preparation, response, and recovery, and to provide workshop 
participants with a small glimpse of the decision-making process.  

The Hurricane Nat scenario was loosely based upon Hurricane Matthew, which made landfall in 
South Carolina approximately two weeks prior to the conference. The setting of the scenario was 
on an island called the Republic of Resilia, which was said to be inaccessible by land, two hours 
by air from the nearest airport, and with a port big enough for only two ships.  

8.2. Participant Roles 
Participants were assigned to one of five sectors common to any disaster: the private sector, the 
government, non-governmental organizations (NGO), survivors, and witnesses. The private 
sector was in control of many basic resources such as bottled water, portable electric generators, 
portable toilets, building supplies, fuel, and groceries. The private sector also included entities 
such as the news media, telecom providers, and the insurance industry. The government 
consisted of the roles of mayor, police, fire & rescue, hospitals, schools, public utilities, and a 
national disaster management agency. All government roles were seated at one table to facilitate 
inter-agency communication. NGO’s were able to address needs such as medical treatment, 
logistics, food distribution, shelter, disease management, and religious faith support. This table 
had the smallest number of people to simulate the relative proportion of relief workers to 
survivors and other responders. Each survivor exhibited one of eight common disaster 
consequences: broken leg, parents missing, spouse died, home damaged, home destroyed, 
restaurant damaged, lost pet, and undocumented immigrant with limited language capability. 
Finally, witnesses included anyone local or remote that was not directly affected by the event but 
was looking for information on it. Witnesses were to remain at their tables and had to get 
information delivered to them, as you would observing on a television or computer screen. No 
information was provided as to the roles of each table or other participants.  

8.3. Resources 
Immediately following a disaster event, there often are not enough resources to meet the demand 
of the community. To simulate resource constraints, in the role descriptions, the quantities of 
supplies, maximum capacity of shelters and hospitals, etc. were limited or restricted in time. 
These restrictions ultimately forced those in NGO and government roles to turn away people in 
need, and further led to the private sector increasing prices as a response to increased demand 
and limited resources. 

8.4. Post-Disaster Time Periods 
Two post-event time periods were presented to participants. On Day 1 following the disaster 
consequences included no electricity, water, communications, sanitation infrastructure, or ground 
transportation. There were many injuries and deaths reported. Destroyed and damaged buildings 
led to many business closures. Both the airport and port were inoperable, further complicating 
relief and recovery. On Day 3, NGO’s were provided with enough supplies (tents, portable 
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toilets, bottled water) for ten people, communications systems are back up, and the public water 
utility confirms Resilia’s water reservoir was contaminated. The community members are not 
satisfied with the level of relief and recovery and have begun to protest. Many community 
members are still injured, without electricity or water, and are missing pets. Each participant’s 
role description included expectations of their role corresponding to the amount of time that had 
passed after the disaster. For example, on the first day following the disaster, the Red Cross 
equivalent was instructed that they had only enough local, trained volunteer doctors and nurses 
to treat two survivors.  

Following each post-event time period, a group debriefing was performed where each person 
could report on their experiences in the various roles. Questions posed to the groups following 
the Day 1 Time Period included: What did survivors need and was it obtained? How many 
people came to NGO’s for help and was help able to be provided? Who came to the government 
and what did they want? Did the private sector have enough of what people wanted, how were 
resources allocated? It was following the Day 1 Time Period that participants were notified what 
sector each table represented and what resources or needs they had. Following the Day 3 Time 
Period, participants were able to recognize how far planning, knowledge, and practicing can go 
in a disaster scenario.  

8.5. Key Lessons 
One key lesson participants were able to take away was that responses would have been more 
effective if communication had been better, faster, and clearer both before and during the event. 
Having no pre-disaster planning in place, no awareness of what societal needs and resources 
were or where they were concentrated, and no inclination as to what services would be available 
led to chaos on Day 1 following the disaster. After communication began, another key lesson 
regarding the importance of cooperation between public and private sectors was realized. The 
government realized the importance of private sector resources. The private sector was able to 
find a balance between commercial advantage and effective distribution of resources and 
assistance to those in need.  
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9. Summary of Systems Modeling Needs and Challenges for Resilience Assessment 

9.1. Overview of Systems Modeling for Community Resilience 
The functioning, performance and well-being of communities relies upon increasingly 
interdependent infrastructure systems. Such interdependencies create the possibility for 
cascading failures which can have widespread negative impacts upon a community, such as loss 
of housing or utilities, outmigration, and business interruption. The development, improvement, 
and validation of integrated systems models for simulating physical, social, and economic 
systems in a community is critical in achieving the goal of improving community resilience for 
all hazards. Improved modeling methodologies assessing the performance, recovery, 
functionality, and dependencies of systems will better inform the planning, design, investment, 
and decision-making processes. 

Throughout this workshop, common themes that emerged as critical areas for discussion and on-
going work included: stakeholder input, data, standards and metrics, modeling improvements, 
validation, and collaboration. These areas, which attendees felt would significantly advance the 
area of systems modeling for resilience, are highlighted in the following section. 

9.2. Desired Capabilities and Challenges 
9.2.1. Stakeholder Input 
Input from stakeholders (e.g., planners, managers, members of the community, owners/operators, 
builders, etc.) is critical in developing guidance and tools that will be needed for model 
development and identifying key criteria for the decision-making process.  

When developing a model, the needs and desires of stakeholders should be taken into account. 
This is a difficult task in itself, as stakeholders are often not in a position to define realistic needs 
and expectations prior to an event. One approach to this issue is engaging the stakeholders in an 
iterative process of communication following their initial responses and input, where 
stakeholders are presented with the results and consequences of various options to determine 
their preferences. 

Due to the size, scale, and interdependencies of the physical, social, and economic systems being 
considered, many systems models can be complex. Determining what stakeholders need for 
decision-making might yield different needs regarding the complexity, scientific basis (e.g., 
empirical or physics-based), and granularity of the systems models. While a complex, high 
granularity, empirical or physics-based model may not readily support decision-making; such 
models do provide the foundation for higher-level models that do support decision-making.  

Further, the need for quantitative assessment of factors that influence the decision-making 
process was identified. It is not clear to many systems modelers what steps, formats, or processes 
are the best way to socialize community resilience issues with stakeholders and the general 
public. Identifying how to inform decision-making before, during, and after a hazard event, and 
determining how to quantitatively incorporate decision factors into systems models could 
improve evaluation of alternative community resilience measures.  

Another key issue regarding stakeholder input is how to communicate and incorporate 
uncertainty and risk. One current approach is to present stakeholders with a single (or ensemble 
of) real-world scenario(s) and associated consequences. This single scenario method does not 
communicate hazard uncertainty to stakeholders, but it does present an opportunity to simulate a 
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variety of possible outcomes for a given hazard. Often though, stakeholders want to know how 
certain modelers are about the model results and projections. However, current methods of 
communicating uncertainty and risk (e.g., annual probability of hazard occurrence or failure) can 
lead to confusion or even dismissal of model projections. More effective ways to communicate 
uncertainty and risk to the stakeholders and to the public is an important issue that should 
involve collaboration between critical infrastructure modelers and social scientists.  

9.2.2. Data  
Accurate systems modeling techniques cannot be developed and validated without data. The first 
data challenge identified is defining what data is needed and whether specific data types, 
formats, and sources are available. For example, from a modeler’s perspective, a virtual city with 
all infrastructure system information and interdependencies known is an ideal case. For an actual 
city or community, such availability of data may not be feasible or even necessary for the 
decision-making process. It may be that common patterns (e.g., when do the patterns emerge, 
what patterns exist when systems are coupled, etc.) are more important to understand and model. 
The cleaning and sharing of metadata was posed as a possible solution to defining overarching 
patterns relevant to community resilience.  

Another important data issue is the temporal aspects of data collection and data sharing for 
system performance. Historically, temporal data has not been collected on the performance of 
many systems, or it is often at varying time scales or an inadequate resolution. Where data has 
been collected, it is often at an inadequate resolution. Furthermore, data is often not collected 
through the recovery and restoration phases. Evaluation of community resilience requires data on 
a time scale at a useful frequency both prior to and following hazards events up to 5 or 10 years. 
Improving the amount and quality of data is vital, as the lowest quality of data drives the overall 
quality of the analysis.  

In the U.S., high resolution data (e.g., electric power, healthcare, etc.) are restricted in their 
availability, which poses significant challenges to system modeling. Utilities have concerns 
about sharing their proprietary data that include security and competition issues. Proposed 
solutions to the challenges of accessing and utilizing secure data include involving the utilities in 
the peer review process, allowing the utilities to have approval rights of the model, non-
disclosure agreements, and incentives. If the value of the data use for the community and their 
own systems can be presented, the stakeholders may see benefits for sharing their data. 

There was also an on-going discussion at the workshop regarding data availability and whether 
some data must be shared. Tax money is often invested to develop strategic plans to confront risk 
and therefore data regarding community functioning are required. It was pointed out however, 
that compliance with data availability requirements does not necessarily guarantee the quality of 
the data will be acceptable. Some incentive for the data owners should be presented.  

9.2.3. Standards and Metrics 
Standards and metrics would enhance the development and evaluation of systems modeling 
capabilities for community resilience. Current motivations for the selection of metrics include 
end-user objectives and data availability. Many indicators of community resilience were 
discussed during the workshop, including: population outmigration, time for repair, employment 
levels, household income, and tax revenue per person. These metrics are heavily dependent upon 
the community though, and may not always indicate recovery. For example, while outmigration 
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might have a negative impact on a community functioning as a whole, individuals may be much 
better off in the long-term relocating than coming back to their community. Several examples 
from Hurricane Katrina were provided where a positive or negative metric actually implied the 
opposite. For example, income per person increased because many dislocated persons were from 
disadvantaged neighborhoods (e.g., income metric increased but populations did not return). A 
standardization of metrics that could be used across models and different communities would be 
valuable in comparing modeling capabilities and decision alternatives.  

In defining metrics of community resilience and recovery, the importance of a temporal 
definition was highlighted. Choices that are optimal on the first day following a disaster will 
likely become suboptimal over time. For example, it would be acceptable in the short-term to 
utilize a school gymnasium as a medical clinic immediately following a disaster if hospital 
facilities are overwhelmed or cannot be accessed. A proposed solution was to develop a 
weighting scheme over time for various recovery metrics. The metrics themselves as well as the 
time scales at which they might vary will likely be unique to each community.  

The importance of pre-event metrics in evaluating performance and recovery following a disaster 
event was discussed in the workshop. If no pre-event performance metrics are defined, it will be 
impossible to evaluate the post-event recovery. Advocacy groups often have the best idea of pre-
event levels of performance for vulnerable populations, but it is difficult to obtain quantitative 
information. Ideally, the city manager will be able to give meaningful estimates based on 
implementing a resilience plan that was put together prior to the event. Metrics in the response 
phase may be similar to the pre-event phase. 

Many metrics were discussed at the workshop, but the question still exists of how to 
appropriately combine the various measures to evaluate a system on multiple levels. Additional 
research is needed regarding the network analysis of how these metrics fit together. 
Communicating metrics to stakeholders and the public was also identified as an area for 
improvement. There is no consensus as to which metrics are the best to communicate to 
communities. Additionally, important metrics regarding capacity building are often neglected.  

From a modeling perspective, a key standardization that is needed is in the definition of 
resilience. There are several definitions of resilience and each will dramatically influence how 
models are created and what is put together. This workshop brings together international 
researchers and modelers of community resilience, yet many languages have no word for 
resilience. 

9.2.4. Modeling Improvements 
Throughout the workshop several presentations highlighted current capabilities of modeling 
individual systems or utilities (e.g., housing, water utility, electric, transportation, supply chain, 
education, etc.). A major challenge was identified as combining the various systems into a 
complete model. Handling the interdependencies is complicated by the intricate nature of the 
connections (e.g., between the social and technical systems) and also by the varying temporal 
and spatial scales of models. There is a need for a modular framework within a computational 
platform. This could potentially create an opportunity for the community to explore different 
modules and couplings of modules, which may ultimately provide guidance for modeler 
collaboration. Inherently, linking individual systems models to provide an overall picture of a 
community will result in an increase in the complexity of the model. Characterizing the model 
complexity, precision accuracy, and how the two affect one another, is necessary.  
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Appropriately defining model boundaries was also highlighted as an area for improvement 
during the workshop. When modeling critical infrastructure in a community, it is not always 
clear how to determine the boundary for each system. The simplest method would be to base the 
boundaries on the geographical community boundary area, but this method still requires dealing 
with boundary conditions. If a model framework is being developed for decision-making, it 
could be customized to the local or even building level. This presented further boundary options 
such as school districts, jurisdiction boundaries, and ethical model boundaries.  

Several challenges to creating scalable models were identified. At the community scale, models 
require local knowledge of dependencies, while models at the state and national level can be 
useful with coarser data. It was pointed out that some models are scalable, but limits should be 
better defined as to where the scaling is applicable. Furthermore, the nature of some systems 
requires modeling at a specific levels. For example, the electrical transmission system must be 
solved as a whole at the regional level. The electrical distribution system, however, is more 
important for community level resilience.  

The temporal scale of resilience modeling and analysis in the scope of decision-making support 
was also stressed as an area for concentration and improvement. If the temporal scale of the 
event is ignored or misconstrued, an essential point of resilience (capacity building) will be 
absent from the models. If dynamic effects are not explicitly modeled, the capability to assess 
transient behavior and failure scenarios through other, more simplified, methods is necessary  

9.2.5. Validation 
A critical area for improvement of systems modeling is in validation. Very little was discussed in 
the presentations or facilitated discussions regarding validation, indicating there is significant 
room for growth. Data that is used to validate models is often the same data that was used to 
create the model. Furthermore, the models that are being created are often extremely complex. If 
they are to be used for decision-making, it is crucial that the models are validated and the 
uncertainties are quantified. Once the models are deemed to be accurate and their potential errors 
are quantified, then the models can be refined and the uncertainties can be reduced. Proposed 
options for validating the models included stress tests (which are more common in the fields of 
banking and nuclear power generation), analytical approaches, and theoretical analyses.  

9.2.6. Collaboration 
This workshop brought together researchers and modelers from around the world, highlighting 
an opportunity for further collaboration in the systems modeling community. Often, multiple 
research groups are unknowingly working towards similar goals, with little or no exchange of 
information or resources. This workshop is a step towards increased international collaboration, 
and several initiatives (e.g., at NCAR and Tsinghua University) are already underway to create 
reference toolboxes where users can contribute to and benefit from an exchange of knowledge 
and abilities. 
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ABSTRACT 

Dennis S. Mileti, PhD 

 

Public Warning Models: Issuance, Diffusion and Protective Action Initiation 

For Dam and Levee Emergencies 

 

October 19, 2016 

 

 

Quantitative curves for use in life loss estimation models for dam and levee emergencies based 
on public warning delay for warning issuance delay, warning diffusion delay in the population at 
risk, and protective action initiation delay by people at risk are presented. The curves were based 
on a synthesis of available social science research and data on these topics. The factors that 
contribute to these delay types were summarized, weighted and linked to life loss estimation. An 
interview schedule was constructed to measure the factors in local communities to enable the 
U.S. Army Corps to estimate likely future warning delays and life loss in future events. A local 
community guidebook was developed to assist local communities in public warning planning to 
reduce delays and minimize life and injury consequences. 
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Abstract:  
Starting point is taken in a motivation for the consideration of the intertwined topics of resilience 
and sustainability and different interpretations of systems resilience are presented and discussed. 
A hierarchical presentation of societal systems in their context of exposures to hazards, shared 
environmental and societal resources and decision-making processes is presented through which 
the requirements to resilience modeling and assessments are highlighted. On this basis a 
framework for decision analysis and probabilistic modeling of systems for optimal design and 
life-cycle management is proposed. The framework allows for the joint consideration of life 
cycle benefits, vulnerability, robustness and resilience of systems comprised by interlinked 
spatially distributed sub-systems evolving over time; including governance, regulatory, social, 
infrastructure, environmental, geo-hazard and anthropological hazard subsystems. The 
framework allows for assessing the tradeoffs between efficiency, robustness and resilience and 
facilitates decision optimization in dependency of considered temporal and spatial scales and 
assumptions regarding disturbance scenarios. A principal example covering a range of 
phenomena and parameters normally associated with systems complexity (including number of 
constituents, causal and stochastic dependencies, multi-hazard exposures, cascading failure 
events, direct and indirect consequences, etc.) is presented to illustrate the use of the framework, 
highlight needs for further research and facilitate discussions.  
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Abstract 

Economic Consequence Analysis (ECA) of natural, man-made and technological disasters continues to 
evolve. This presentation will introduce the broad ECA framework developed at the Center for Risk and 
Economic Analysis (CREATE) to estimate the total impacts of a disasters on an economy.  The 
presentation will illustrate the workings of the framework in relation to three aspects of ECA that can 
have major influences on the bottom-line.  First, we have specified the multiple dimensions of economic 
resilience and developed an operational metric that has been applied to several major case studies, 
including the resilience of the US and New York Metropolitan Area economies in the aftermath of the 
2001 World Trade Center terrorist attacks.  Second, we have refined computable general equilibrium 
(CGE) analysis as the over-arching modeling framework to estimate total economic consequences of 
actual and simulated disasters.  We illustrate its workings in relation to the extensive supply-chain 
impacts of a simulated seaport disruption.  Third, we have developed ways to measure extreme 
behavioral responses to disasters, and to translate them into direct economic costs so that they can be 
integrated into CGE models.  We illustrate this advance with a simulation of a “dirty-bomb” attack.  
Public and private sector risk management implications of these examples are then offered.  The 
presentation will conclude with a brief discussion of the CREATE Economic Consequence Analysis Tool 
(E- CAT), and illustrate its applicability to earthquake scenarios. 
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directed NYU-Wagner’s Urban Planning Program five times. She is an elected Fellow of AAAS 
and Fellow, past president and outstanding service award recipient of the Society for Risk 
Analysis. Her teaching and research are interdisciplinary encompassing infrastructure and its 
interdependencies, climate change, environment, natural hazards, and equity as they influence 
the quality of life in cities. Current and past research funding sources include the National 
Science Foundation (NSF), U. S. DOT, and U.S. EPA. Of the approximately four dozen grants she 
has received, she served as principal Investigator on about three dozen. In 2015, she completed 
NSF-funded research on electric power and transit recovery following Hurricane Sandy and a 
U.S. DOT Region 2 University Transportation Research Center (UTRC) funded project on multi-
modal transportation use in emergencies and its relationship to poverty in New York City. 
Current NSF and UTRC funded research emphasizes infrastructure interdependencies from 
physical, social and natural environmental perspectives and how these relationships influence 
consequences from extreme events. Her current professional committee appointments include 
the third NYC Panel on Climate Change, the National Academies Committee on Pathways to 
Urban Sustainability, and the Transportation Research Board’s Critical Transportation 
Infrastructure Protection committee.  She authored and co-authored numerous publications 
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Interdependencies, cascading effects and resilience optimization of communities and 
societies 
 

Georgios Giannopoulos, Luca Galbusera, Marianthi Theocharidou 

 

European Commission, Joint Research Centre, Directorate E – Space, Security and Migration, 
Technology Innovation in Security Unit, Via E. Fermi 2749, 21027 Ispra, Italy 

 

 

Communities and societies rely on a network of infrastructures and technological systems that 
provide indispensable services for the citizens. These often display high degree of 
interconnectedness: functional, geographical, cyber and logical interdependencies play a role in 
enhancing the level of services provided to the citizens (e.g. ICT penetration in the electricity 
sector to develop smart grids), but they might also expose the system to harmful domino effects. 

 

Accordingly, the Joint Research Centre (JRC) and partner research institutions are conducting a 
broad research initiative related to the analysis of critical infrastructures and their response to 
hazardous events of different origin (e.g. natural events, technical failures, and man-made 
attacks). 

 

The research conducted at JRC in this realm obeys a principle of layering: resilience assessment 
of complex systems starts with static and dynamic interdependency analysis, incorporates 
service-oriented models, and involves economic impact assessment in relation to business 
discontinuities. This approach allows different levels of granularity (local, regional, national, 
international scales) and supports decision-making towards an optimization-based improvement 
of preparedness, recovery processes and other resilience factors. 

 

Case studies are provided to support the discussion of the methodologies and their application to 
selected disruptive scenarios. 
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Georgios Giannopoulos short biography 

Dr Georgios Giannopoulos holds a degree in Mechanical and Aeronautical Engineering and a PhD in 
Engineering from Vrije Universiteit Brussel and a management degree from Solvay Brussels School in 
Economics and Management. He joined the Joint Research Centre in 2007. He is currently working in the 
domain of critical infrastructures risk and resilience modeling with focus on systems of systems 
perspective. In this framework he is carrying out research in the domain of GIS for risk assessment and 
resilience for critical infrastructures, interdependencies and economic impact of critical infrastructure 
disruption. In addition he has been actively involved in the review process of the Council Directive 
2008/114/EC on the identification and designation of European Critical Infrastructures supporting DG 
HOME efforts, he is running the Thematic Network on Critical Energy Infrastructure Protection (TNCEIP) 
supporting DG ENERGY and he is the project leader of the European Reference Network for Critical 
Infrastructure Protection (ERNCIP). He has been the author of about 40 scientific publications in peer 
reviewed journals and scientific conferences. 

 

 
  

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

B-17 

Resilience Modelling Research in New Zealand 

 

Nick Horspool, GNS Science, Lower Hutt, New Zealand 

 

Recent disasters in New Zealand have dramatically highlighted the impact shocks can have on 
society and its ability to function and grow. The Christchurch Earthquakes of 2010-2011 caused 
over NZ$40B of economic losses, 185 fatalities and 10,000 injuries, but also of note is that the 
rebuild and recovery of the city is still ongoing, some 6 years following the first earthquake. 
Issues with the recovery of Christchurch have provided the platform for a dialogue on resilience 
across various sectors in New Zealand. In order to shift to a resilience-based way of thinking a 
step-change in attitudes is required to transform governance, business, public and science 
responsibilities. Underpinning the resilience movement are a number of resilience focussed 
research programs that span the physical, engineering and social sciences. These research 
programmes are advancing the science and implementation pathways of resilience through 
system-level science with highly integrated cross-disciplinary collaborations. One area of focus 
is the development of resilience modelling workflows that will be delivered through decision 
support tools to enable decision makers to better assess resilience-building strategies in their day-
to-day decisions as well as actioning community led activities. This presentation will provide an 
overview of NZ based resilience modelling research programmes and demonstrate through case-
studies how these are leading to a more resilient New Zealand.   
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URBAN RESILIENCE: ASIA RESEARCH INITIATIVES 
 
 

Professor Dongping Fang 
Institute for Future Cities and Infrastructures 

Tsinghua University 
Email: fangdp@mail.tsinghua.edu.cn 

 
 
ABSTRACT 
 
The world is undergoing rapid urbanizing at an unprecedented speed. The global urban 
population increased from 29% in 1950 to 50% in 2010, and is expected to further increase to 
69% by 2050. This presentation starts with an overview of world urbanization trend and the 
impact of disasters. A framework and a vision of city simulator that we have proposed to model 
urban resilience will be illustrated. Current researches in Asia will be summarized and current 
initiatives in urban resilience research at Tsinghua University will be presented.  
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Prof. Dongping FANG   
A Short CV  

 
 
 
 
 
 
 
 
 
 

Dr. Dongping FANG is a Professor at Tsinghua University, China. He is the head of Department 
of Construction Management in the School of Civil Engineering and the executive director of 
Institute of Future Cities and Infrastructures.  

Prof Fang is a former vice president of CIB（International Council for Research and Innovation 
in Building and Construction）and the current leader of CIB priority theme - Resilient 
Urbanization. He has been sitting on boards and committees of many international and national 
organizations of government, industry and academics. He has been honored as Visiting 
Professors in Australia, Sweden and the UK, and invited as keynote speakers for many 
international conferences such as CIB world building congress.  

Prof Fang is an expert on construction safety and sustainable urbanization. He serves as 
members of editorial board of several renowned international journals and is the author/co-
author of more than 200 books, book chapters, journal papers, conference papers and reports. 
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"NSF Investments and Opportunities in Interdisciplinary Research on Critical Infrastructure 
Systems" 

 

David Mendonca 

Program Director 

Infrastructure Management and Extreme Events 

National Science Foundation 

 

The National Science Foundation (NSF) is in the midst of a series of major, multi-directorate, 
multi-year investments in the basic science and engineering underlying society's ability to 
prepare for--and respond to--hazards and disasters that pose risks to critical infrastructure 
systems. This talk reviews recent results, opportunities and challenges in this area, focusing on 
strongly interdisciplinary research on phenomena where humans are inextricably "in the loop." 
Examples are drawn primarily from recent research funded through two NSF programs: 
Infrastructure Management and Extreme Events (IMEE)  and Critical Resilient Infrastructure 
Systems and Processes (CRISP). The talk will include opportunity for discussion. 

 

About the speaker. David Mendonca currently directs the IMEE program and participates in the 
administration of a number of others. While at NSF, he is on leave from the Industrial and 
Systems Engineering Department at Rensselaer Polytechnic Institute, where he is an Associate 
Professor. His research focuses on the role of systems engineering in disaster response. 
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DHS Sponsored Research: DHS Approaches to Supporting Infrastructure Resilience 
 
Matthew Coats, Program Manager, U.S. Department of Homeland Security, Science and 
Technology Directorate 
 
Abstract for NIST Presentation  

The Federal government has a compelling interest in getting industries and regional economies 
working again as soon as possible after a catastrophic event. This is always true, but particularly so in 
locales where there is an intersection of significant probabilities of catastrophes, infrastructure 
systems and industries that are critical to the functioning of the U.S. economy. DHS must work 
closely with infrastructure owners and operators to craft technically feasible and economically 
efficient partnerships that will make the Nation more resilient. Moreover, DHS must understand the 
interactions of the multiple public and private sector linkages that comprise an infrastructure system 
and community, and how these linkages respond to the severe stress brought on by catastrophic 
events. DHS is partnering with its Centers of Excellence to provide insights into promising areas of 
research and to address specific challenges faced by DHS operational components. The DHS Critical 
Infrastructure Resilience Institute will focus on improving understanding of the role cyber plays in 
infrastructure systems, how businesses can use this information to make risk informed decisions, and 
how to test those approaches in the real world. The Center will also address the cascading effects of a 
disruption across infrastructure sectors and the issues surrounding legal, legislative, and policy 
frameworks necessary to define responsibility and support recover. 
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DHS Sponsored Research: DHS Approaches to Supporting Infrastructure Resilience 
 
Matthew Coats, Program Manager, U.S. Department of Homeland Security, Science and 
Technology Directorate 
 

Bibliography  

The White House. March 30, 2011. Presidential Policy Directive/PPD 8 - National Preparedness. 
Available online at: http://www.dhs.gov/presidential-policy-directive-8-national-preparedness.  

The White House. February 12, 2013. Presidential Policy Directive/PPD 21 – Critical Infrastructure 
Security and Resilience. Available online at: http://www.whitehouse.gov/the-press-
office/2013/02/12/presidential-policy-directive-critical-infrastructure-security-and-resil  

Executive Order No. 13636 of February 12, 2013. Improving Critical Infrastructure Cybersecurity. 
Available online at: http://www.whitehouse.gov/the-press-office/2013/02/12/executive-order-
improving-critical-infrastructure-cybersecurity.  

United States Department of Homeland Security. February 2010. Quadrennial Homeland Security 
Review Report: A Strategic Framework for a Secure Homeland. Available online at: 
http://www.dhs.gov/xlibrary/assets/qhsr_report.pdf.  

United States Department of Homeland Security, National Protection and Programs Directorate. 
August 2012. Office of Infrastructure Protection Strategic Plan: 2012-2016. Available online at: 
https://www.dhs.gov/sites/default/files/publications/IP%20Strategic%20Plan%20FINAL.pdf.  

United States Department of Homeland Security. 2013. National Infrastructure Protection Plan. 
Online at: http://www.dhs.gov/national-infrastructure-protection-plan. 

  

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

B-85 

DHS Sponsored Research: DHS Approaches to Supporting Infrastructure Resilience 
 
Matthew Coats, Program Manager, U.S. Department of Homeland Security, Science and 
Technology Directorate 
 
Mr. Matt Coats is the Program Manager for three DHS Science and Technology Centers of 
Excellence that conduct research and development activities in zoonotic and animal disease, 
critical infrastructure resilience, and food protection and defense. He also serves as the Office of 
University Programs Transition lead responsible for overseeing technology transition.  In 2012, 
he jointly served as the acting Deputy Director of the DHS International Cooperative Programs 
Office, overseeing the team’s management of the Department’s 12 International Agreements. He 
participates in the Department’s integrated product teams, National Security Council working 
groups, and the White House Foreign Animal Disease Threat Subcommittee where he served as 
the co-chair for the Work Force Task Force.   
 
Prior to his work at DHS, Mr. Coats was a Senior Consultant and Booz Allen Hamilton 
supporting diverse public sector clients responsible for developing technologies to protect the 
Nation. He has worked in the biotech private sector as an International Business Development 
Associate at KARD Scientific where he was responsible for managing brand development, 
account management, and assisting in the execution of new research and development 
partnerships globally.  
  
He is a graduate of Georgetown University’s Medical School with an M.S. in Biomedical 
Science Policy, Union College with a B.S. in biology, and Massachusetts Institute of Technology 
Sloan School of Business’ Executive Program.  Mr. Coats is a certified Program Manager from 
the Defense Acquisition University, a Contracting Officer Representative, and a member in the 
Phi Alpha Theta and Sigma Xi Honor Societies. 
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Evolution of Hazard Assessment Modeling in Drinking Water Systems 
Royce Francis, George Washington University, seed@email.gwu.edu 

The drinking water sector has focused intently during the last 15 years on hazard and 
risk assessment for potential service disruptions attributable to intentional and 
unintentional events. During the first 6-8 years of this period, the focus was primarily 
devoted to assessment risk attributable to intentional, i.e., terrorist, events. During the 
last 6-8 years, however, the sector has come to a consensus that an all-hazards risk 
management approach is more appropriate. The justification for the change from a 
focus on intentional events to all-hazards is based on the need to allocate limited 
resources to event preparations and response. The sector has come to the realization 
that preparing under an all-hazards approach would harden most systems to terrorist 
attacks, while preparing for terrorist attack scenarios would not harden most systems to 
the most important natural hazards. Consequently, most utilities in the industry assert 
that assessment procedures are more important than any particular modeling 
framework. In response to this consensus position, drinking water utilities have engaged 
in risk and vulnerability assessment using standardized tools such as EPA 
VSAT/WHEAT and SEMS/RAMCAP, EPA or AWWA table top exercises and incident 
checklists. 
 
Notable References: 

1.  Ostfeld et al. (2008). “The Battle of the Water Sensor Networks (BWSN): A 
Design Challenge for Engineers and Algorithms.” ASCE Journal of Water 
Resources Planning and Management, 134(6):556-568. 

2.  Krause, A., Leskovec, J., Guestrin, C., VanBriesen, J., & Faloutsos, C. (2008). 
Efficient sensor placement optimization for securing large water distribution 
networks. Journal of Water Resources Planning and Management, 134(6), 516-
526. 

3.  Leskovec, J., Krause, A., Guestrin, C., Faloutsos, C., VanBriesen, J., & Glance, 
N. (2007, August). Cost-effective outbreak detection in networks. In Proceedings 
of the 13th ACM SIGKDD international conference on Knowledge discovery and 
data mining (pp. 420-429). ACM. 

4.  Preis, A., & Ostfeld, A. (2008). Multiobjective contaminant sensor network design 
for water distribution systems. Journal of Water Resources Planning and 
Management, 134(4), 366-377. 

5.  Hart, W. E., & Murray, R. (2010). Review of sensor placement strategies for 
contamination warning systems in drinking water distribution systems.Journal of 
Water Resources Planning and Management, 136(6), 611-619. 

6.  Isovitsch, S. L., & VanBriesen, J. M. (2008). Sensor placement and optimization 
criteria dependencies in a water distribution system. Journal of Water Resources 
Planning and Management, 134(2), 186-196. 

7.  US EPA Office of Water, US EPA Office of Ground Water, and US EPA Office of 
Drinking Water, “Conduct a Drinking Water or Wastewater Utility Risk 
Assessment,” 2015. [Online]. 
https://www.epa.gov/waterriskassessment/conductdrinking-water-or-wastewater-
utility-risk-assessment. [Accessed: 07-Jul-2016]. 
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Drinking Water, “Water Health and Economic Analysis Tool (WHEAT) 3.0,” 2016. 
[Online]. Available: https://www.epa.gov/waterriskassessment/find-out-
abouthealth-and-economic-impacts-water-utility-emergencies. [Accessed: 07-Jul-
2016]. 
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J100-10 Standard and Leading Vulnerability Assessment Tools, Water Research 
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Royce Francis  

Background 

Dr. Royce Francis leads the SEED research group-Strategic [urban] 
Ecologies, Engineering, and Decision-making. Currently, SEED is focusing 
on decision-analytic sustainability measurement in infrastructure systems, 
risk-based management of drinking water infrastructure rehabilitation and 
renewal, and integration of decision modeling with life cycle cost 
assessment methodologies for evaluating vulnerability of infrastructure 
systems to natural hazards. Dr. Francis is a member of the Association for 
Environmental Engineering and Science Professors, the American Society 
of Civil Engineers, and the Society for Risk Analysis where he serves as the 
2012 Engineering Infrastructure Specialty Group (EISG) Chair. 

Current Research 

Dr. Royce Francis' research and professional interests are at the interface 
between environmental and sustainability engineering and policy, including: 
• Risk and occurrence assessment of emerging contaminants; 

• Bayesian statistical modeling; 

• Water infrastructure development, resilience, and sustainability 

• Infrastructure systems analysis; 

• Regulatory risk analysis 

Education 

• Postdoctoral Fellow: Department of Geography and Environmental Engineering, The Johns Hopkins University, 
2009-2010 

• Ph.D., Department of Engineering and Public Policy, Carnegie Mellon University, 2009 
Department of Civil and Environmental Engineering, Carnegie Mellon University. 2009 
Dissertation Title: Topics in Occurrence and Mixture Risk Assessment Supporting Formulation and 
Analysis of the Stage II Residual Disinfectants/Disinfection Byproducts (D/DBP) Rule. 

• M.S., Civil and Environmental Engineering, Carnegie Mellon University, 2006 

• B.S., Civil Engineering, Howard University, summa cum laude, 2004 

Publications 

Journal Articles 

• Francis, R.A., Geedipally, S.R., Guikema, S.D., Lord, D., Dhavala, S.S., LaRocca, S. (2012). "Characterizing the 
performance of the Conway-Maxwell Generalized Linear Model." Risk Analysis. 32:167-183. 

• Francis, R.A., Falconi, S., Nateghi, R., Guikema, S.D. (2011) "Probabilistic life cycle analysis model for evaluating 
electric power infrastructure risk mitigation investments." Climatic Change. 106:31-55. 

• Francis, R.A., VanBriesen, J.M., Small, M.J. (2010). "Bayesian statistical modeling of disinfection byproduct 
(DBP) bromine incorporation in the Information Collection Rule (ICR) database." Environmental Science and 
Technology. 44:1232-1239. 
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• Francis, R.A., Small, M.J., VanBriesen, J.M. (2009). "Multivariate Distributions of Disinfection Byproducts in 
Drinking Water." Water Research. 43:3453-3468. 

Peer-Reviewed Conference Papers 

• Pita, G., Francis, R., Liu, Z., Mitrani-Reiser, J., Guikema, S., Pinelli, J-P. "Statistical tools for populating/predicting 
input data of risk analysis models." ICVRAM 2011, College Park, MD. 

• Francis, R., Guikema, S., and Henneman, L. "Bayesian belief networks for predicting drinking water distribution 
system pipe breaks." PSAM11/ESREL12, Helsinki, Finland. 

Distinctions 

• Assistant Professor: Department of Engineering Management and Systems Engineering, The George 
Washington University, September 2010-Present 

• Visiting Scholar: Department of Geography and Environmental Engineering, The Johns Hopkins University, 2010-
2011 

• American Society of Civil Engineers (Assoc. M. ASCE) 

• ASCE Environment and Water Resources Institute (EWRI) 

• Society for Risk Analysis (SRA) 

• Association for Environmental Engineering and Science Professors (AEESP) 
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Modeling Water Distribution System Resilience 
 
Water utilities are vulnerable to a wide variety of human-caused and natural disasters.  These disruptive 
events can result in loss of water service, contaminated water, pipe breaks, and failed equipment.  
Furthermore, long term changes in water supply and customer demand can have a large impact on the 
operating conditions of the network.  The ability to maintain drinking water service during and following 
these types of events is critical.  Simulation and analysis tools can help water utilities explore how their 
network will respond to disruptive events and plan effective mitigation strategies.   
 
Sandia National Laboratories and the U.S. Environmental Protection Agency are developing new 
software tools to meet this need.  The Water Network Tool for Resilience (WNTR) is a Python package 
designed to help water utilities investigate resilience of water distribution systems over a wide range of 
hazardous scenarios and to evaluate resilience-enhancing actions.  This presentation will outline the 
modeling components in WNTR, demonstrate their use, and show how WNTR can help water utilities 
estimate potential damage, evaluate preparedness, prioritize repair strategies, and identify worse case 
scenarios.   
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Abstract:  
Interdependencies between infrastructure systems are becoming more complex while our ability 
to understand these interdependencies continues to lag. The growing reliance of the electric 
power system on cheap and clean natural gas for power generation, for example, is creating a 
significant and growing dependency of the electric power system on the natural gas system, 
while, at the same time, the natural gas system heavily relies on electricity for its operation. 
These interdependencies create the possibility that both systems are potentially more vulnerable 
to disruptions cascading across multiple infrastructures and present challenges for recovery and 
restoration operations. This paper presents a framework for identifying and modeling critical 
interdependencies between infrastructure systems, focusing on electric power and natural gas. 
Proven infrastructure models (EPfast for electric power, NGfast for natural gas) are linked by 
modeling the critical interdependencies between these systems. Case studies are presented that 
illustrate the need for and value of such an approach. Technical challenges are identified, 
including data requirement for modeling interdependencies and the need for validation of linked 
infrastructure models beyond validation of individual infrastructure models. Research challenges 
for extensibility of the framework to modeling multiple infrastructure systems and their 
interdependencies are highlighted. 
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M. Broggi, G. Feng, E. Patelli, F. Coolen, M. Beer 

 

 

Abstract 

The reliability analysis of complex networks is of key importance to the resilience of 
communities. However, a major obstacle for this analysis is the realistic consideration of 
interdependencies between different networks. Due to the complexity of the 
interdependencies dependent failures are very difficult to predict and hence dangerous, in 
particular, when the initiating event is seemingly unimportant.  

We propose a solution based on the concept of survival signature, from systems theory, which 
provides a novel basis for complex network analysis, outperforming traditional analyses 
techniques in numerical efficiency when estimating the reliability of networks. The key 
advantage of the survival signature approach is the complete separation of the structure of the 
network from its probabilistic characteristics. Once the signature of the network has been 
analysed, the reliability analysis can be carried out by evaluating only the probabilistic 
structure, which makes the analysis particularly efficient. In addition, when only limited 
information is available for the specification of network parameters, imprecise probabilities can 
easily be implemented into the survival signature approach to capture the associated 
indeterminacy.  
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Title:  
Climate & Complexity: The Resilience of Natural-Engineered-Human Systems  

 
Abstract:  
The fundamental basis of design, operations and preservation of infrastructures and 
ecosystems have changed and are projected to alter significantly in the future owing to 
climate, hydrological, and socio-economic changes. The resilience of interdependent 
engineered lifeline networks, such as electric grids, water or waste water distribution 
systems, transportation and communication networks, and natural infrastructures such 
as open urban spaces and forests or marine or riverine ecosystems which protect 
against heat islands or storm surges and floods, to unprecedented climate induced 
extremes or changes in their statistical attributes, represent urgent societal priorities. 
Natural-built systems are intimately linked to human activity and depend on human 
intervention for strengthening and restoration. We describe novel network and data 
science methods and new methodological adaptations for climate-extremes resilient 
design, operations, and maintenance of critical infrastructures, which can in turn help us 
understand and develop actionable predictive insights on the stressors (climate 
hazards), as well as on the stressed (natural or built systems) and impacted (human or 
economic dimensions) systems. We discuss how computational and engineering tools 
can be brought to bear on these challenges, and how they can be aligned to provide 
useful and usable solutions for economic well-being, security, public health, governance 
and policy. 
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Auroop Ganguly: Bio-sketch  
 
Auroop R. Ganguly works in climate and hydrological extremes and their impacts on water and 
infrastructure systems with data and computational methods. His research on climate change and 
weather extremes has led to novel and occasionally surprising insights for heat waves, cold snaps, heavy 
precipitation and droughts. New information for stakeholders and engineers have been generated for 
impacts on urban coastal and water-energy systems, leading to studies commissioned by large and small 
cities or federal agencies. Extending his work to man-made hazards, Ganguly has developed methods to 
extract potentially elusive indicators of threat from massive and heterogeneous data, for multiple federal 
agencies. Moving from hazards to risks and resilience, Ganguly has developed restoration and resilience 
methods for critical lifeline infrastructures, including for natural, technological and cyber-physical hazards, 
and perturbed ecological networks, at multiple scales. He has developed new “big data” science methods 
for rare or anomalous events and extremes, data mining and sparse learning from spatiotemporal data 
obtained from in-situ and remote sensors or dynamical model simulations, network science for 
dependence and teleconnections in dynamical systems and for timely and effective recovery in lifelines, 
uncertainty characterization in complex systems, nonlinear correlation with the mutual information for 
short and noisy data, nonlinear dimensionality reduction, and characterization of nonlinear behavior and 
dependence. Connection across domains such as climate or water versus infrastructures or sensors has 
been through impacts and system modeling, as well as via the underlying thread of computational and 
data methods with a focus on rare and extreme events in complex dynamical systems. He has also 
developed physics-guided data science approaches across domains.  
Ganguly’s research has been published in interdisciplinary journals such as Nature, PNAS, Nature 
Climate Change, Nature’s Scientific Reports and PLOS One, climate or geophysics journals such as 
Journal of Climate, Journal of Geophysical Research, Geophysical Research Letters and Climate 
Dynamics, water journals such as Water Resources Research, Advances in Water Resources, Journal of 
Hydrology, Journal of Hydrometeorology, and JAWRA, nonlinear dynamics journals such as Physical 
Review E, and Nonlinear Processes in Geophysics, computer or data science journals such as Statistical 
Analysis and Data Mining and top peer-reviewed conferences such as SIAM Data Mining, and electrical 
engineering journals such as IEEE Transactions on Geoscience and Remote Sensing, IEEE Sensors, 
and IEEE Transactions on Intelligent Transportation Systems. He has published two edited books on 
Knowledge Discovery from Sensor Data and published multiple book chapters. His research has been 
highlighted in Nature news, NSF news, and the American Geophysical Union, and reported widely and 
over the last decade in the mainstream national and international media. He has won best paper awards 
in data and computer science conferences, and he has been interviewed by Live Science, NSF, and 
showcased under Faces of NSF. His research has been funded, among others, by NSF, DOE, ORNL and 
ARPA-E, DHS, DOD and DARPA, and other private or public sector organizations, influenced key 
investment and stakeholder decisions, and advanced best practices. He has two patents pending, which 
have led to new products in climate risk management and infrastructural resilience at a startup. He served 
as an associate editor of the AGU journal Water Resources Research and continues to be an associate 
editor for ASCE’s Journal of Computing in Civil Engineering, besides currently serving on the editorial 
board of the journal Scientific Reports published by the Nature Publishing Group. He has received an 
outstanding reviewer award by ASCE, a faculty fellow award at Northeastern, an outstanding joint faculty 
award from the University of Tennessee, Knoxville, and scientific and mentorship awards from the Oak 
Ridge National Laboratory (ORNL) and US DOE.  
Ganguly teaches climate change science and policy, as well as probability and engineering 
economy, to undergraduates, and critical infrastructures resilience, as well as applied time series 
and spatial analysis, to graduate students. A civil and environmental engineer with a PhD in 
hydrology from MIT and an undergraduate from the Indian Institute of Technology, he has five 
years of experience at Oracle Corporation in time series and demand forecasting, about a year at 
a semi-startup that got acquired by Oracle, and seven years at the Oak Ridge National 
Laboratory in both computational sciences and engineering as well as in climate change science. 
Over the last five years, he has been at Northeastern University in Boston, currently as a tenured 
associate professor of civil and environmental engineering, where he directs the Sustainability 
and Data Sciences Laboratory (SDS Lab). He is the Chief Scientific Advisor and co-founder, with 
his former PhD student, of risQ Corporation, a spinout from the SDS Lab.   
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Natural Disaster Impacts on Infrastructure Systems and Society 
 

Judith Mitrani-Reiser, Ph.D. 

National Institute of Standards and Technology (NIST) 

Johns Hopkins University (JHU) 

 

In recent years, many disasters have occurred which resulted in damage to critical community 
functions. The Christchurch, Bío-Bío, and Nepal earthquakes, Hurricanes Sandy and Katrina, 
and tornadoes in Joplin, MO and Moore, OK all resulted in severe damage to local hospitals, 
putting great strain on the healthcare systems of these regions. The continued functionality of 
critical infrastructure, such as healthcare facilities, is necessary following a major event. 
Healthcare delivery facilities are essential in disasters: they provide emergency medical care 
related to the event and regular health services required to maintain the health of the community 
they serve. In order to provide adequate services to patients, healthcare facilities rely on a wide 
range of internal and external functions, each of which are part of a complex network of 
interacting systems. The loss of a single function can severely disrupt the ability to provide care 
during the critical first hours.  

In order to improve the resilience of facilities like these, decision makers first need a way to 
quantify their performance due to extreme loading from natural hazards, both predictively and 
retrospectively. This presentation will show a risk analysis framework for quantifying and 
predicting the loss, recovery, and resilience of critical facilities. The theoretical framework 
accounts for loss of service due to building and utility damage, as well as impacts to key 
personnel and resources/supplies needed to provide clinical and non-clinical services. The talk 
will introduce ongoing work focused on the resilience of critical infrastructure-based societal 
systems (CIbSS), and on the CoPE-WELL (Composite of Post-event Well-being) systems model 
of functioning and well-being of a community over time. 
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Judith Mitrani-Reiser, Ph.D.  
National Institute of Standards and Technology 

(NIST)  
Johns Hopkins University (JHU) 

 
Education 
California Institute of Technology, Ph.D. in Applied 
Mechanics (2007) 
University of California, Berkeley, M.S. in Civil and 
Environmental Engineering (2001) 
University of Florida, B.S. in Civil and Coastal 
Engineering  (2000)  
 
 
Short Bio 
Dr. Mitrani-Reiser the Director of the Disaster and Failure Studies Program at the National Institute 
of Standards and Technology (NIST) and an Assistant Professor of Civil Engineering and Emergency 
Medicine at Johns Hopkins University (JHU). Her research is focused on the performance 
assessment of critical infrastructure, the safety and economic impact of hazards on the built 
environment, the effective communication of these risks to the public, informed decision-making 
for use in emergency management and policy making, and the interaction of humans with the built 
environment. Her multidisciplinary research program at JHU includes collaborations with the PEER 
(UC Berkeley), the Disaster Research Center (University of Delaware), the University of Maryland, 
the National Research Center for Integrated Natural Disaster Management (Pontificia Universidad 
Católica de Chile), and QuakeCORE (University of Canterbury in New Zealand). Her research 
program at NIST is focused on the metrology of disasters and failures, to improve building and fire 
codes, standards, and practices and to fill gaps in knowledge about buildings and infrastructure 
performance, emergency response, and human behavior in hazard events. 
 
Dr. Mitrani-Reiser is an Associate of the Center for Refugee and Disaster Response (CRDR), a 
member of the American Society of Civil Engineers (ASCE), the Earthquake Engineering Research 
Institute (EERI), the Seismological Society of America (SSA), and the World Association for Disaster 
and Emergency Medicine (WADEM). She is the Vice Chair for ASCE’s Subcommittee on Multi-Hazard 
Mitigation, and is a member of ASCE’s Committee on Disaster Resilience of Structures and of the 
Committee of Critical Facilities in ASCE’s Infrastructure Resilience Division, and a member of EERI’s 
Learning From Earthquakes Committee. She is the founder of the Postdoctoral Association at Johns 
Hopkins University. 
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Physical and Economic Impacts of Earthquakes and Other Hazards 
Professor Terje Haukaas, University of British Columbia, Vancouver 

 
The cornerstone of our work to improve the resilience of communities and individual structures 
is computer simulation models. The objective is to predict, in a probabilistic manner, the 
physical and economic impacts of earthquakes and other hazards. One result is the loss curve, 
which displays the probability distribution for economic losses in a specific time period. Based 
on such results we employ optimization algorithms to determine the design, or resource 
allocation, that minimizes the total expected cost. Our work is continually extending the 
computer program Rts, a program created in our research group to coordinate analyses with 
many probabilistic models. Today it contains a robust library of models for structural 
components, buildings, ports, bridges, hazards, costs, etc. The program and the approach grew 
out of efforts in performance-based earthquake engineering for buildings, but we now address 
networks and other hazards as well. A recent application is the interdisciplinary study of the 
resilience of the coastal communities in British Columbia. Rts is employed here to model the 
maritime transportation of food, fuel, and other supplies to remote communities that could 
become severely affected by transportation disruptions. Computer simulations provide the 
probability of disruption, and the effect of different mitigation options, allowing us to 
recommend mitigation decisions based on cost-benefit optimization. 
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Dr. Terje Haukaas 
 
Terje Haukaas is a Professor in the Department of Civil Engineering at UBC Vancouver, where 
he has been a member of the Structural Engineering group since 2003.  He received his MS 
and PhD degrees from the University of California at Berkeley in 1999 and 2003. Originally from 
Norway, he obtained his undergraduate degree from the Norwegian University of Science and 
Technology in 1996 after obtaining an engineering degree from the Stavanger University 
College in 1994 and a technician degree from the Stavanger Technical College in 1992.  He 
worked as an engineer in Norway from 1997 to 1998. Prior to entering the field of engineering, 
Dr. Haukaas had become a Journeyman and Master Builder of Carpentry. Dr. Haukaas 
conducts research on probabilistic modelling of a wide range of hazards, structures, and 
impacts, with particular emphasis on numerical simulation models. He has authored or co-
authored more than thirty journal papers on reliability, sensitivity, and optimization analysis 
applied to civil engineering problems. Software development is an integral part of Dr. Haukaas’ 
research. He developed the first version of the Matlab toolbox FERUM and he implemented the 
first reliability and sensitivity options in OpenSees. He later spearheaded the development of Rt, 
a program for multi-hazard, multi-model reliability and optimization analysis. Dr. Haukaas has 
received several teaching awards, and he is the recipient of a best-paper award from the ASCE 
Journal of Computing in Civil Engineering. He is a registered Professional Engineer in the 
province of British Columbia and he is a member of numerous scholarly committees. 
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Road Network Functionality of Istanbul Following an Earthquake 

Himmet Karaman, Betül Ergün Konukcu 

(Istanbul Technical University) 

Istanbul is one the most crowded megacities in the world with a population approaching 15 million, 

besides the city is located on one of the most active seismic zones in the world. Many scientific 

studies estimate that Istanbul is expecting a major earthquake and the possible damage to the 

structures will be extensive. Due to the earthquake risk, there have been many studies concerning 

on the building damages but, none of them focused on the transportation availability following an 

earthquake. As it is well known, disaster management consist of four phases as preparedness, 

mitigation, response and recovery. As it is also known, disaster management phases rely on 

reaching the locations on time. However, without estimating the functionality of the transportation 

networks, none of the disaster management phases can be planned correctly. This study aims to 

focus on the transportation functionality of Istanbul. This study firstly, estimated the building 

damages in Istanbul by using HAZTURK, then extracted buildings with high possibility of heavy 

damage and collapse. Then, the possible debris area and the road blockages due to those debris 

were estimated. Next step was to estimate the bridge damages of Istanbul by using HAZTURK. At 

the last step, all the blocked roads and non-functional bridges were merged and the available 

transportation network of Istanbul revealed. 

 

Keywords: Road Blockage, Bridge Functionality, Transportation Functionality, Earthquake Damage, 

Hazturk 
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Measuring and Improving the Resilience of the Built Environment in a Community 
 
Kairui Feng, Guanjie Hou and Quanwang Li* 
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Resilience is an attribute of communities, which is supported by community building sectors (occupancy 
types) with different functionalities. Evaluating community resilience and functionality requires 
quantification of metrics. This study, first, introduces a methodology to consider the functionality 
interdependencies between different building sectors in assessing community resilience metrics. Four 
building sectors that provide essential functions to a community, i.e. housing, education, business and 
public services, are considered. The percentage of people in a community who dislocate following a 
disaster as a result of the physical damages to buildings is selected as resilience metric in this conceptual 
study. Second, based on the proposed method to consider functionality interdependencies between 
building sectors, a framework is further developed to determine the optimum retrofit strategies for 
community building portfolios as a whole in order to achieve an overall community resilience objective 
expressed in terms of a threshold value of an interested community resilience metric (e.g. population 
dislocation). Third, recognizing the significant impact of the performance of traffic system has on the 
recovery rapidity of built environments, the paper proposes a measurement for evaluating the 
performance of traffic system to support the recovery process, which relates the capacity of traffic system 
to the recovery speed of built environment. Finally, the methodologies to quantify community 
functionality and traffic system performance are illustrated using a simplified Beijing City model exposed 
to potentially severe earthquakes, and the optimum retrofit strategies are discussed. 
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Abstract: 
The central aim of this HUD-sponsored effort is the development of a set of simulation models 
that allow for the forecast of the demand and transition times for temporary, interim, and 
permanent housing of displaced households stemming from severe weather events. In particular, 
these efforts aim to identify the dynamics of displaced populations with social, medical, and 
financial vulnerabilities in the housing recovery process. 

The models are intended to allow localities the ability to visualize how pre-disaster planning, 
zoning, and permitting practices may potentially impact the pace of recovery. The models should 
facilitate ‘what if’ scenario testing of current and theorized pre-disaster housing recovery 
planning, zoning, and permitting practices and policies to identify those factors that may enhance 
housing production capacity, speed the approach back to normalcy, and promote a further 
strengthening of resilience. 
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Carolyn Kousky  

Modeling of Recovery: The Role of Disaster Financing Systems  

Abstract  

The nature of disaster financing plays a critical role in recovery of households and communities. 
For many smaller disasters, no federal aid will be provided to those impacted. For larger events 
that merit a presidential disaster declaration, federal disaster aid will be offered. For 
households, however, this assistance is limited in amount, what it can be used for, and it can 
take months or even years before it gets into the pockets of households. Disaster insurance, on 
the other hand, can provide the necessary funds for rebuilding and replacing damaged property 
and previous work has shown that those with insurance are more likely to rebuild than 
households without insurance. Despite this, take-up rates for disaster insurance in the U.S. 
remain low. Disaster declarations may also authorize funds for investments in hazard mitigation 
during the rebuilding process. Households cannot rely on receiving such funds as there is 
substantial local government discretion. And even when large sums have been appropriated to 
improve post-disaster reconstruction, implementation has been plagued with delays, 
mismanagement, and other criticisms. Individual risk perceptions and preferences will also play 
a role in the rebuilding decision. The variation in disaster financing at a household level can lead 
to substantial heterogeneity in recovery. The distributional impacts of disasters may be masked 
in aggregate measures of economic activity.  
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Title: An integration of Social Vulnerability Data and Mapping Tools for Community 
Vulnerability Assessments and Recovery Modeling 
 
 
Researchers: Walt Peacock, Shannon Van Zandt, Nathanael Rosenheim 
Attendees: Walt Peacock, Nathanael Rosenheim 
 
 
200-word abstract summarizing our work: 
The last several decades of social science research has established that community resilience is 
generally characterized as function of hazard exposure (exposure to the forces of disaster 
agents), physical vulnerability (the vulnerabilities of the built environment) and social 
vulnerability. Hence, when modeling community resilience our work combines outputs from 
models that predict structural damage and loss of functionality based on the forces of hazard 
agents and the physical properties of the built environment, with social vulnerability 
perspectives.  Social vulnerability focuses on the social factors and processes that generate 
vulnerability in terms of an individual’s or group’s capacity to anticipate, cope, resist, and 
recover from the impacts of disasters. This perspective utilizes social characteristics that 
capture household and individual differences in capacity, access to information, 
power/influence, and resources. These differentials ultimately have the consequence of 
disparities in disaster impacts and recovery trajectories. Because population characteristics are 
not uniformly or randomly distributed within our communities, a critical element of our 
research depends on spatially locating significant variations that effect disaster impacts and 
recovery. Our work develops social vulnerability data, maps and mapping tools that can be 
utilized in community vulnerability assessments, for preplanning of field studies, and most 
importantly, for the social impact and recovery modeling algorithm development.  
 
 
Presenter Bio: 
Dr. Nathanael Rosenheim is a Research Scientist for the Hazard Reduction and Recovery Center 
in the Department of Landscape Architecture and Urban Planning at Texas A&M University. His 
areas of interest are spatial modeling, data science, community development, and food system 
planning. His recent research utilizes public demographic and economic data to improve fact 
based community planning for hazard mitigation and recovery planning. 
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GRRIT® – a Sustainable Tool for Reducing Weather and Climate 
Impacts 

Cindy Bruyère, C3WE/MMM/NCAR 
 
The economic impacts of weather and climate extremes are rising, as population grows and 
moves into urban and more hazard-prone areas. Impacts in the form of societal disruption and 
recovery time, and in the lingering effects of weather and climate events are amongst the less 
publicized – but nevertheless important - outcomes. 
 
In response to this growing need for actionable information, researchers within NCAR’s 
Capacity Center for Climate and Weather Extremes (C3WE) are partnering with a wide range of 
research and planning groups to develop GRRIT – the Global Risk Resilience and Impacts 
Toolbox. GRRIT places the tools and information to advance understanding of extreme events 
and their effects within reach of decision-makers and planners making society’s tough choices. 
GRRIT uses a sophisticated Framework that provides users with access to hazard, vulnerability, 
and exposure information and data from a broad variety of public and private sources via tools 
available within a web interface. 
 
Government agencies, industry, universities and others already have started to develop 
information and tools that could be used for informing decision makers responsible for making 
choices that make society less vulnerable to extreme events. However, these data and tools 
may not: be readily available, exist in formats accessible to the average user, or be adaptable to 
related regions and requirements.  
 
GRRIT’s sustainable, fully supported toolbox is designed to provide a common foundation for 
these and future developments, ones that aid society in reducing weather and climate impacts, 
building economic resilience, and improving disaster recovery. In keeping with NCAR practice 
for community facilities, GRRIT will be freely available and will be maintained and supported by 
NCAR. 
  

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

 

E-3 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

E-4 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

 

E-5 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

E-6 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

 

E-7 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

E-8 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

 

E-9 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

E-10 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

 

E-11 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

E-12 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

 

E-13 

 

 

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

E-14 

 

  

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IS

T.G
C

R
.17-012



International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment 
 

 

E-15 

Cindy Bruyere 
 
PROJ SCIENTIST II 
Mesoscale and Microscale Meteorology Laboratory 
Regional Climate Research 
bruyerec@ucar.edu 
303-497-8914 

Cindy Bruyère leads the NCAR-based systems development 
effort for the Engineering for Climate Extremes. She plays a key 
role in the development of the Global Risk, Resilience, and 
Impacts Toolbox (GRRIT), which pulls information from disparate 
locations, including local drives, the cloud, or servers located in 
different places. Once captured, relevant data are fed to ECEP-
developed decision-making tools to provide insights and answers 
to critical questions related to extreme weather and climate risk and resilience. In her role, Cindy 
directs efforts to incorporate tools as they are developed into GRRIT, spearheads related 
database construction, maintenance, and management, and is responsible for climate 
downscaling efforts conduct by the group.  

Cindy has an MSc in Dynamical Modeling and a PhD in Environmental Management. She 
started her career at the South African Weather Service, where she rose to Assistant Director of 
research programs, and Project Manager for operational systems. For a number of years she 
was also associated with the University of Pretoria (South Africa) and involved in meteorological 
training. Current research activities include understanding and predicting the impact of climate 
variability and change; dynamical model development; creating useful climate decision-making 
tools; and the development of statistical downscaling techniques. She trains those within the 
atmospheric science community in climate modeling techniques. Cindy is also a visiting 
research fellow at the North-West University of South Africa.  

Field of Expertise: 
• Climate Science 
• Engineering for Science 
• Interdisciplinary Research 
• Meteorology 
• Research Applications 

Specialty: 
• Climate Change 
• Decision Support 
• Extreme Weather/Severe Storms 
• Impacts 
• Modeling: Regional  
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Resilience Modeling Innovations of the HayWired Planning Scenario 
 
 

Keith Porter(a), Dale Cox(b), Ken Hudnut(c), Jamie Jones(d), and Anne Wein(d) 
 
 

(a) University of Colorado Boulder  
(b) U.S. Geological Survey, Sacramento CA  

(c) U.S. Geological Survey, Pasadena CA  
(d) U.S. Geological Survey, Menlo Park CA 

 
 
 

The USGS's HayWired earthquake planning scenario offers several advances in resilience modeling, 
only some of which have been published. Its new advances include:  
 
1.  Societal impacts of code performance objectives. Life-safety design (ASCE 7’s objective) can 

lead to unacceptable building impairment in a large urban earthquake (the Big One). A simple 
option for resilient design greatly reduces the potential for dark cities [1].  

2.  Public preferences for seismic resilience of new buildings. A first-ever large (N > 800) 
survey shows that the public expects and would pay for resilient design [2].  

3.  New water supply model with lifeline restoration, interaction, and resilience measures. It 
measures resilience in lost service-days and quantifies the economic benefit of resilience 
through two examples [3].  

4.  A new empirical model of urban search and rescue needs for collapsed buildings and 
elevators without power. We used NISEE's photo database to quantify, for the first time, the 
extent of building collapse in earthquakes, i.e., the fraction of a building that collapses when it 
experiences any collapse [4].  

5.  Safety benefit of earthquake early warning combined with drop, cover, and hold on 
(DCHO). HayWired includes the first-ever effort quantifying the time required to complete 
DCHO via a large (N > 400) survey [5].  
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Abstract 

Many modeling techniques are being developed and used to assess the resilienc of communities 
to natural and other hazards around the world. These models require systematic validation using 
the results of real events to ensure that influencing factors not modeled are accounted for when 
needed.  The NIST Center of Excellence: The Center for Risk-Based Community Resilience 
Planning is developing an Interdependent Networked Community Resilience Modeling 
Environment (IN-CORE) that will be a robust computational environment known as that allows 
users to optimize community disaster resilience planning and post-disaster recovery strategies 
intelligently using physics-based models of inter-dependent physical systems combined with 
socio-economic systems.  The first such validation of IN-CORE v1.0 is the 2011 Joplin tornado.  
An EF5 tornado struck Joplin MO in May 2011, and became the costliest and deadliest single 
tornado in U.S. history. In this presentation, different sectors (such as buildings, electrical power 
network) of Joplin MO community and their dependencies, combined with social and economic 
aspects are all considered in the hindcast of the 2011 tornado. Building on the NIST investigation 
of the event in 2011, data on recovery was collected from the community in a recent field study 
by Center of Excellence (CoE) and were fed into the models developed by the CoE to  estimate 
damage, loss, functionality and recovery of the community. This presentation focuses on the first 
phase of the modeling effort and explains the process of hindcasting for validation of a model 
that integrates physical, social, and economic systems.  The simulation results were compared 
with post-disaster available data to check the accuracy of the models. 
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[bookmark: _Toc482028099]Introduction

The International Workshop on Modeling of Physical, Economic, and Social Systems for Resilience Assessment was held on 19-21 October 2016 at the Washington-Dulles Airport Marriott in Dulles, VA. The purpose of the workshop was to solicit input from researchers and subject matter experts in areas related to the modeling of physical, economic, and social systems to inform systems modeling research being conducted by NIST and Colorado State University.

Dr. Terri McAllister, Community Resilience Group Leader and Program Manager at the National Institute of Standards and Technology (NIST), welcomed attendees and presenters to the workshop and introduced the session topics:

1. Decision-Making and Evaluation of Proposed Alternatives

2. Resilience Modeling Research Around the World

3. Modeling of Systems and Dependences

4. Modeling of Recovery

5. Case Studies and Validation

Sessions were held consecutively as shown in Tables 1 to 3. At the end of the workshop, a discussion regarding next steps, future activities, and challenges of community resilience systems modeling brought the session to a close.

This document summarizes key points and discussions from the workshop presentations and facilitated discussions. 
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[bookmark: _Ref459104135]Table 1. Workshop Agenda – Day 1

		Time

		Topic

		Speakers / Moderators



		Wednesday, October 19, 2016



		8:00-8:30 

		Welcome and Introductions

Breakfast Buffet

		Terri McAllister

Community Resilience Group Leader and Program Manager

National Institute of Standards and Technology



		8:30-10:30 

		Session 1

		Decision-Making and Evaluation of Proposed Alternatives



		

		8:30-9:00 

		Public Warning Timing: Issuance, Diffusion, Protective Action Initiation for Dam Breaches, Controlled Dam Releases, and Levee Breaches or Overtopping

		Dennis Mileti

Professor Emeritus of Behavior Science

University of Colorado Boulder



		

		9:00-9:30 

		Resilience of Societal Infrastructure Systems – Modeling and Decision Analysis Framework

		Michael Faber

Professor of Civil Engineering

Technical University of Denmark



		

		9:30-10:00 

		Total Economic Consequences of Disasters

		Adam Rose

Research Professor of Public Policy

University of Southern California



		

		10:00-10:30 

		Infrastructure System Interconnectivity Effects of Resilience

		Rae Zimmerman

Professor of Planning and Public Administration

New York University



		10:30-11:00

		Break



		11:00-12:00

		Session 1

		Decision-Making and Evaluation of Proposed Alternatives (continued)



		

		11:00-12:00

		Facilitated Discussion

		Georgios Giannopoulos

Scientific Officer

EU Joint Research Centre



John van de Lindt

Distinguished Professor in Infrastructure, Co-Director of Center for Risk-Based Community Resilience Planning

Colorado State University



		12:00-1:00

		Lunch



		1:00-2:30

		Session 2

		Resilience Modeling Research Around the World



		

		1:00-1:30 

		Interdependences, Cascading Effects and Resilience Optimization of Communities and Societies

		Georgios Giannopoulos

Scientific Officer

EU Joint Research Centre



		

		1:30-2:00 

		Resilience Modeling Research in New Zealand

		Nick Horspool

Natural Hazard Risk Scientist

GNS Science



		

		2:00-2:30 

		Urban Resilience: Asia Research Initiatives

		Dongping Fang

Department Head and Professor in Construction Management

Tsinghua University



		2:30-3:00

		Break



		3:00-5:00

		Session 2

		Resilience Modeling Research Around the World (continued)



		

		3:00-3:30 

		NSF Investments and Opportunities in Interdisciplinary Research on Critical Infrastructure Systems

		David Mendonça

Director of Infrastructure Management and Extreme Events Program

National Science Foundation



		

		3:30-4:00 

		DHS Sponsored Research: DHS Approaches to Supporting Infrastructure Resilience

		Matthew Coats

Program Manager Science and Technology Directorate

Department of Homeland Security



		

		4:00-5:00 

		Facilitated Discussion

		Adam Rose

Research Professor of Public Policy

University of Southern California 



Bruce Ellingwood

Professor of Civil and Environmental Engineering, Co-Director of Center for Risk-Based Community Resilience Planning

Colorado State University








Table 2. Workshop Agenda – Day 2

		Time

		Topic

		Speakers / Moderators



		Thursday, October 20, 2016



		8:30-9:50 

		Session 3

		Modeling of Systems and Dependencies



		

		8:30-8:50 

		Evolution of Hazard Assessment Modeling in Drinking Water Systems

		Royce Francis

Assistant Professor of Engineering Management and Systems Engineering

The George Washington University



		

		8:50-9:10 

		Modeling Water Distribution System Resilience

		Katherine Klise

Senior Member of the Technical Staff

Sandia National Laboratory



		

		9:10-9:30 

		Power Distribution Systems: Modeling of System Dependencies and Interdependencies

		Charles Macal

Senior Systems Engineer

Argonne National Laboratory



		

		9:30-9:50 

		Reliability Assessment of Interdependent Networks Based on Survival Signature

		Matteo Broggi

Senior Research Associate

Leibniz University Hannover



		9:50-10:20

		Break



		10:20-12:00

		Session 3

		Modeling of Systems and Dependencies (continued)



		

		10:20-10:40

		Climate & Complexity: The Resilience of Natural-Built-Human Systems

		Auroop Ganguly

Associate Professor of Civil and Environmental Engineering

Northeastern University



		

		10:40-11:00

		Natural Disaster Impacts on Infrastructure Systems and Society

		Judith Mitrani-Reiser

Assistant Professor of Civil Engineering and Co-Director of Center for Systems Science and Engineering

Johns Hopkins University

Director of Disaster and Failure Studies

National Institute of Standards and Technology



		

		11:00-12:00

		Facilitated Discussion

		Hussam Mahmoud

Assistant Professor and Director, Structural Laboratory

Colorado State University



Terje Haukaas

Professor of Civil Engineering

University of British Columbia 



		12:00-1:30

		Lunch



		

		



		

		



		1:30-3:30

		Session 4

		Modeling of Recovery



		

		1:30-1:50 

		Physical and Economic Impacts of Earthquakes and Other Hazards

		Terje Haukaas

Professor of Civil Engineering

University of British Columbia



		

		1:50-2:10 

		Road Network Functionality of Istanbul Following an Earthquake

		Himmet Karaman

Associate Professor of Civil Engineering

Istanbul Technical University



		

		2:10-2:30 

		Measuring and Improving the Resilience of the Built Environment in a Community

		Quanwang Li

Associate Professor of Civil Engineering

Tsinghua University



		

		2:30-2:50

		Housing Demand & Capacity for Medically Fragile & Vulnerable Populations: Modeling Transition through Temporary, Interim, and Permanent Housing Recovery

		Joshua Behr

Research Associate Professor of Analysis and Social Sciences

Old Dominion University



		

		2:50-3:10

		Modeling Recovery: The Role of Disaster Financing

		Carolyn Kousky

Fellow

Resources for the Future



		

		3:10-3:30

		An Integration of Social Vulnerability Data and Mapping Tools for Community Vulnerability Assessments and Recovery Modeling

		Nathanael Rosenheim

Assistant Research Scientist in Architecture

Texas A&M University



		3:30-4:00

		Break



		4:00-5:00

		Session 4

		Modeling of Recovery (continued)



		

		4:00-5:00 

		Facilitated Discussion

		Harvey Cutler

Professor of Economics

Colorado State University



Keith Porter

Research Professor of Civil, Environmental, and Architectural Engineering

University of Colorado Boulder



		5:00-5:30

		Break



		5:30-7:30

		Resilience Table Top Exercise and Reception

		



		

		Hot appetizers and cash bar available.

		Nathaniel Forbes

Director

Forbes Calamity Prevention 








Table 3. Workshop Agenda – Day 3

		Time

		Topic

		Speakers / Moderators



		Friday, October 21, 2016



		9:00-10:30 

		Session 5

		Case Studies and Validation



		

		9:00-9:30 

		GRRIT ®  - a Sustainable Tool for Reducing Weather and Climate Impacts

		Cindy Bruyere

Project Scientist II

National Center for Atmospheric Research



		

		9:30-10:00 

		Resilience Modeling Innovations of the HayWired Planning Scenario

		Keith Porter

Research Professor of Civil, Environmental, and Architectural Engineering

University of Colorado Boulder



		

		10:00-10:30 

		Model Validation: The Joplin Tornado Hindcast

		John van de Lindt

Distinguished Professor in Infrastructure, Co-Director of Center for Risk-Based Community Resilience Planning

Colorado State University



		10:30-10:45

		Break



		10:00-11:45

		Session 5

		Case Studies and Validation (continued)



		

		10:45-11:45

		Facilitated Discussion

		Elise Miller-Hooks

Professor and Chair in Infrastructure Engineering

George Mason University



Judith Mitrani-Reiser

Assistant Professor of Civil Engineering and Co-Director of Center for Systems Science and Engineering

Johns Hopkins University

Director of Disaster and Failure Studies

National Institute of Standards and Technology



		11:45-12:00

		Closure, Next Steps, and Future Activities

		Terri McAllister

Community Resilience Group Leader and Program Manager

National Institute of Standards and Technology
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The Community Resilience Group at NIST is conducting research to promote resilient communities, with a focus on buildings and infrastructure systems. A key research activity is the development of integrated systems models for simulating physical, social, and economic systems in a community, including their performance, recovery, functionality, and dependencies. Systems modeling research is being conducted in collaboration with the NIST-funded Community Resilience Center of Excellence (CoE), which is led by Colorado State University (CSU). 

To support these activities, NIST and CSU co-sponsored a systems modeling workshop to identify and benefit from international research on modeling methods, characterizing systems, and data needs and sources being developed and used by other researchers.

The workshop brought together researchers and subject matter experts on state-of-the-art methods for topics that support community resilience modeling to identify gaps and research needs to further strengthen systems modeling research plans.

Areas of expertise of workshop speakers and participants include: physical and functional modeling of buildings and infrastructure systems (e.g., energy, communication, water, wastewater, and transportation), economic systems, and social systems (e.g., government, health, education).
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[bookmark: _Toc482028103]Public Warning Timing: Issuance, Diffusion, Protective Action Initiation for Dam Breaches, Controlled Dam Releases, and Levee Breaches or Overtopping

Presenter: 	Dr. Dennis Mileti, Professor Emeritus of Behavioral Science, University of Colorado Boulder

The work presented by Dr. Mileti was funded by the U.S. Army Corps of Engineers (USACE) Risk Management Center in Davis, California. Dr. Mileti began his presentation with a discussion of the behavioral aspects of issuing emergency warnings. He stated issuing public alerts and warnings involve human behavior, such as physical scientists who detect a threat, emergency managers who manage the threat, message authors who communicate the threat, and finally the public who must take heed of the warning. The presentation had four parts: Part I Introduction, Part II Warning issuance delay, Part III Warning diffusion delay, and Part IV Protective action initiation (PAI) delay. 

The objectives of the work presented were to provide USACE with estimates of human behavior for life loss estimation, to develop methods to measure behavior time estimates, and to prepare a community guidebook that could inform emergency managers about social science evidence-based warning practices. To achieve these objectives, quantitative curves for warning issuance delay, warning diffusion delay, and mobilization delay were developed. To develop the curves, quantitative research findings on time/delay were reviewed for all three stages of the warning process, data from empirical studies were identified, and model equations were developed and fitted to historical events. 

Four categories of research-based factors affect warning issuance delay: plans and procedures, performance and inter-personal relations, system performance, and situational factors. Each of the four categories contained several factors (e.g., day vs. night is an example situational factor), which were assigned weights dependent upon their respective significance in affecting delay time. Case studies of rapid warning issuance (Boulder, Colorado Flood 2013) and slow warning issuance (Graniteville, South Carolina Train Derailment 2005) were discussed and compared.

Research-based categories of factors that influence warning diffusion times are: timing and methods for sending first warning, and situational aspects of receiving the first warning. Examples of factors include types of technologies available to send the warning message, and access to technology to receive the warning message. Each of the factors in the two categories was assigned a weight based on empirical data and expert opinion, and modeling of warning diffusion time was discussed. Examples of rapid vs. slow warning diffusion were presented. 

Research-based factors that affect PAI time are: message characteristics, receiver characteristics, and context characteristics. Examples of factors belonging to each category are message length, personal preparedness, and environmental cues, respectively. The factors were assigned weights in the modeling of PAI time. Examples of rapid and slow PAI times, during a historical hazardous materials train derailment event near Pittsburgh, PA, were presented and compared. 

To combine the analysis of delay times, an interview schedule was created to measure significant factors specific to local communities to enable the USACE to estimate likely future warning delays and resulting life loss and injury consequences. The interview contains a total of 58 interview questions, which will guide USACE in assigning issuance, diffusion, and PAI curves to communities. 

Finally, the guidebook1 was discussed which was developed based on synthesized empirical social science quantitative evidence to provide emergency managers with practical ways to enhance future public alert and warning practices. Tools provided in the guidebook include the ability to: catalogue and define protective actions, identify protective actions based on time and location, identify the threat versus actions and warnings, rank community planning steps for upgrading issuance/diffusion/PAI, analyze the anatomy of warning messages/examples/templates, and catalogue and evaluate available warning dissemination channels. 

1Mileti, Dennis. S., and John H. Sorensen (2015). A Guide to Public Alerts and Warnings for Dam and Levee Emergencies. Davis CA: U.S. Army Corps of Engineers Risk Management Center. 
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Presenter: 	Dr. Michael Faber, Professor of Civil Engineering, Technical University of Denmark

Dr. Faber outlined the context for his presentation by stating societal developments are approaching the carrying capacities of Earth’s ecosystems. Dr. Faber acknowledged that couplings between civilizations and living conditions are observable and can be projected into the future using different hypotheses for future societal development. In order to do so, however, there is a need for improved knowledge such as: representations of dynamic interactions in integral systems models of the coupling between society and nature; determination of vulnerability and resilience in nature/society systems for particular ecosystems and livelihoods; and utilization of decision support systems. 

The presentation covered: frameworks for systems decision analysis; probabilistic systems representation; a principal example of an infrastructure/social/hazard/ ecological system; followed by conclusions and a future outlook. 

Regarding frameworks for systems decision analysis, hierarchical representation of social and natural systems were presented with respect to their exposure to hazards, shared environmental and societal responses, and decision-making processes. Several questions still to be answered regarding frameworks include: how to prioritize investments on design and management of interlinked systems; how to select target reliabilities and performances of individual systems and constituents; and how to plan and budget for the future economy/environment/society/health. Bayesian decision analysis was presented as a consistent “book-keeping” method for calculating the expected value of the utility associated with different decision alternatives. 

Probabilistic system representation was next discussed including system robustness, resilience, and sustainability. A framework for decision analysis and probabilistic modeling of systems for optimal design and life-cycle management was proposed. The overall probabilistic system representation model was comprised of a graph model, constituents model, probabilistic model, and decision alternatives. Robustness modeling was presented as a function of all relevant scenarios and consequences. Consequences include impacts to health and safety, to the environment, and to the economy. Social preparedness systems modeling was presented as a benefit versus time analysis accounting for pre-disturbance performance, time of disturbance, period of reorganization, interim operations, and the period of renewal/rehabilitation. A system is deemed not resilient if at any given time one or more of its capacities are exceeded. Resilience failure modeling was presented as a time variant reliability (or vector out-crossing) problem. An example resilience failure model might consider ecological stress versus financial stress versus time. 

A principal example of an interlinked infrastructure/social/hazard/ecological system model was next presented. Examples of resilience management of the system were presented as: increasing redundancy through increasing the number of system constituents; improvements of social preparedness; design of individual system constituents with respect to natural and anthropological hazards; and saving sufficient benefits to recover from disturbances. Social systems with low and high preparedness were presented and compared. The conditional resilience failure of both systems was presented in terms of the joint probability distribution function of recovery time and the magnitude of lost benefit for a given disturbance event. 

Concluding, several areas of systems modeling were identified that are lacking, including: best practices and optimized techniques for modeling and analysis of individual systems; best practices and optimized techniques for identification and representation of connections between systems; and robust and generic representations and analysis methods of relevance for the complexity of real life coupled systems.
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Presenter: 	Dr. Adam Rose, Research Professor of Public Policy, University of Southern California

Dr. Rose delivered a presentation on the evolution of Economic Consequence Analysis (ECA) of natural, man-made and technological disasters and introduced a broad ECA framework developed at the Center for Risk and Economic Analysis (CREATE) to estimate the total impacts of a disasters on an economy. Dr. Rose’s presentation covered the CREATE ECA framework, three example applications, implications for decision-making, and the Economic Consequence Analysis Tool (E-CAT). 

The ECA framework developed at CREATE has been expanded to include resilience, behavior responses, supply-chain linkages, remediation, mitigation, and spillovers. The disaster event scenario feeds into a computable general equilibrium model (CGE), with added aspects such as resilience adjustments, behavior linkages, and mitigation costs. These extensions can have positive or negative impacts, depending on the economy. 

Two definitions of economic resilience were presented. A static definition was presented as the efficient use of remaining resources at a given point in time to produce as much as possible; a dynamic definition was presented as the efficient use of resources over time for investment in repair and reconstruction. One operational metric of economic resilience was defined as averted losses as a percentage of potential losses. This metric was used to assess the economic resilience of the US and NYC economies in the aftermath of the 2001 World Trade Center terrorist attacks. 

Regarding economic resilience, two major perspectives were discussed. The first perspective was outlined to include pre- and post-disaster actions to reduce property damage; while the second perspective is limited to post-disaster actions to improve resilience in the future. Business interruption (BI) was identified as the new paradigm in economic loss estimation, including behavioral and policy considerations. An overview of computable general equilibrium (CGE) modeling was next presented. CGE represents the economy as a set of interdependent supply chains with individual responses to price signals. 

The state-of-the-art ECA framework proposed by CREATE was then compared to the standard approach from two port closure studies. The standard approach for estimating port impact was identified as direct economic activity times some multiplier. This approach misses the value of the cargo and its contribution to the rest of the economy and thus has been shown to underestimate the economic impact of disruption. The state-of-the art approach without resilience overestimates losses, while including resilience accounts for adaptations. 

Behavior linkages translate into direct and indirect BI losses. BI losses can be two to three orders of magnitude higher than direct losses. Methods to measure extreme behavioral responses to disasters, and to translate them into direct economic costs so that they can be integrated into CGE models, were presented. 

Several general policy implications for economic consequence analysis were outlined including: measuring both property damage and business interruption in risk management; considering non-structural causes of economic loss; and considering the demand side.

Finally, an overview of E-CAT was presented. The objectives of E-CAT were to develop a standardized capability to estimate economic consequences of over 30 hazards and to transition the research into a user-friendly, fast software tool for high-level decision makers. The tool starts from direct impacts and a number of user-specified scenario parameters; it then performs randomized draws of 100 variable combinations converted to CGE inputs to estimate GDP and employment impacts. Uncertainty distributions are generated using reduced-form results and displayed in the user interface.
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Presenter: 	Dr. Rae Zimmerman, Professor of Planning and Public Policy, New York University

Dr. Zimmerman gave a presentation highlighting resilience and interconnectivity as related to infrastructure and its services. She expressed the fact that environmental threats are increasing in some locations at the same time as the vulnerability of infrastructure and populations in those locations; and that condition, performance and investment analyses typically do not include interconnectivity. The interconnectivity between environmental conditions and the design of infrastructure were identified as key inputs to resilience modeling. 

The presentation began with an overview of selected natural and human hazards affecting infrastructure, infrastructure condition, siting, materials, and resources. Infrastructure interconnections, consequences of interdependences, failure modes and resilience, and future research needs were discussed in Parts II, III, IV, and V, respectively. 

Attributes of infrastructure connections were identified as connections between sectors; flows of goods and services between infrastructures; the scale of components and interactions; types of dependencies (temporal, physical, cyber, spatial, and logical), and implications and likelihood of cascading failures from interconnections. Examples of interconnections potentially vulnerable to cascading disruptions were presented as electric power and rail transport, and energy and water sectors. Concentration of infrastructure was identified as an important contributor to cascading failures. For example, approximately half of the power plants in the U.S. are in just a dozen states. 

The consequences of interdependencies relating to general failure modes were next discussed. Interconnectivity consequence scenarios include direct and indirect failures, infrastructure vulnerability, and the targeting of certain sectors and their indirect impact on various other sectors. An electrical power outage was presented as an example consequence scenario assessing the interdependency of energy connections, transportation, and water systems. 

Conventional and distributed or alternative infrastructure systems were compared, with the latter being more resilient by enabling more flexible and simple interconnections. Diversifying the dependency of networks through methods such as alternative infrastructure layout or increased redundancy was highlighted as a means of promoting resilience of interconnected infrastructure systems. Promoting infrastructure investment, as opposed to relying solely on emergency funding, is one approach to increasing infrastructure system resilience. Several specific techniques were highlighted for improving system specific resilience, such as the use of sensor technologies to detect contamination in water systems (interconnectivity between IT and water). Finally, the interconnectivity of environmental, social, and infrastructure systems was discussed. 

Inputs to modeling were identified as a key first step to future research needs and lessons for policy. These included providing a greater (more precise) specification and quantification of system linkages; understanding overall conditions which strengthen or weaken interconnections; identifying and reducing means of cascading effects; and better understanding the role of how to shape human behavior to support more resilient interconnected systems. 

[bookmark: _Toc482028107]Facilitated Discussion

Moderators: 	Dr. Georgios Giannopoulos, Scientific Officer, EU Joint Research Centre

Dr. John van de Lindt, Distinguished Professor in Infrastructure, Co-Director of Center for Risk-Based Community Resilience Planning, Colorado State University 

Scribes: 	Ms. Hana Chmielewski, Pathways Intern, National Institute of Standards and Technology

Dr. Eun Cha, Assistant Professor of Civil and Environmental Engineering, University of Illinois Urbana-Champaign

[bookmark: _Toc482028108]Resilience Cost Benefit

In quantifying the total economic impact, how receptive are resilience investors to quantifying the resilience benefit versus the total cost of investment? 

Past experience in working with water and power utilities has shown them to be receptive to resilience indicators. Economic consequence analysis (ECA) informs the benefits of avoided losses, an analysis result in which investors and government agencies are increasingly interested. The consequence analysis is just another way of getting to the benefits. The government has been performing benefit-cost analysis for resilience decisions for the past ten years. Interest and funding to do a similar analysis for the private sector has recently been on the rise. Such an assessment for the private sector will require an additional focus on the business interruption aspect of the problem. 

[bookmark: _Toc482028109]Effects of Human Behavior on System Design

Systems must be seen as applied technology. They have to be directly designed, maintained, operated, and regulated in an adaptive manner to the organization, environment, and society. To what extent are people trained to use systems in ways that take into account human behavior? 

There was a consensus among the panel that this was one of the big questions currently facing community resilience researchers. It is often difficult to determine when people will recognize the importance of resilience initiatives and, in turn, how to get them to actually implement such initiatives. There are many different kinds of people who would or wouldn’t use new systems. There is not only the question of how to design systems, but how to present, package, and market them to improve different audiences’ reception. 

[bookmark: _Toc482028110]Social Media

Social media, and the impact it has on the public, is an extremely hot issue in social sciences. Data mining is being used to analyze social media data and how it influences public behavior. The panel was asked how the role of social media compares to traditional warning and recovery. 

Often, information communicated over social media is helpful news (e.g., intersection closures). The FCC has recently approved warning messages on cell phones up to 360 characters, which will open the door regarding how social media technologies can inform and warn people. Compared to traditional methods (e.g., radio, television, warning siren), messages can be distributed on at the individual level. This increases the effectiveness over traditional distribution of messages at the county level, particularly in places such as the western U.S., where county sizes are very large. There was a consensus among the panel that it will likely be years before the role and effect of social media on public behavior are understood and optimized.

[bookmark: _Toc482028111]Model Library to Address Resilience Issues

The issue of sharing of data and tools was raised several times during the workshop. A question was posed to the panel as to the possibility of developing a model library to address resilience issues. 

There are resilience centers around the world (e.g., Tsinghua University, Singapore, Shanghai, Taipei, Europe, U.S.) that can contribute to the development of toolboxes. An open platform for the community to develop and use such tools for decision problems is the goal. The biggest challenge to this task is how the systems are linked. Prior to creating model inventories, the linkage between systems needs to be planned and coordinated. There was a consensus among the panel that there is currently no one responsible for this critical role. 

[bookmark: _Toc482028112]Improving Community Recovery

Since many infrastructure systems are public, they are built and operated for the long-term. When there is damage to the system there is often pressure from the public to build back to the same state. A question was raised regarding plans for recovery where capacity is incrementally added. Is there any learning or improving following an event? 

This phenomenon has been well documented in social science research since the 1950s. It has been shown that if a community does not have plans in place for rebuilding better, it will not happen after a disaster event. There is societal pressure to restore services to the same state as opposed to building back better when critical infrastructure services (e.g., power, water, housing, etc.) are missing. Instead of waiting until after a disaster occurs, it should be asked if there are subsystems that can be cost effectively improved over the long-term to improve overall system resilience before the next disaster happens. The concept of staging was also presented as a means to assess needs at various time scales (e.g., one day, month, year, 5 years, lifetime) following an event. Climate change was identified as a major factor that will influence rebuilding decisions into the future. In some cases, relocation might be a better alternative for resilience than rebuilding. 

A related question was asked on the management of emergency/short term response plans following an event. It was put forward by an audience member that systems with the highest probability of failure are the ones which rarely rehearse or re-evaluate their response plans. How should communities be managing their response plans to reduce negative impacts of a major event?

It was suggested that the problem is not that communities don’t read or rehearse their response plans, but that they do not have plans in place at all. Whether a response plan is in place or not, more research is needed regarding general methods of rapidly disseminating information into the community as strategy to improve post-event recovery. 

[bookmark: _Toc482028113]Resilient Failure and Management of Recovery

Most resilience analysis assumes the community can recover and tends to measure the speed of recovery. The panel was asked not about resilient recovery, but about resilient failure and what it might look like. 

There is a need to focus on capacities to support community activities and to then determine events which will exceed those capacities. In reality, there are no isolated communities. In the cases where a community cannot handle an event, the next level of society will contribute resources. Resource allocation should be optimized across communities by evaluating the risk associated with bankruptcy of some critical resources. This will provide communities with an idea of the amount of resources that they should be sharing. 

[bookmark: _Toc482028114]Evolution of Thinking Regarding Tools and Methods

There is discussion within the research community regarding risk and resilience and how tools can be modified. What has changed as we think about tools and methods for community resilience? Is the change in the objective function? How much of climate change should we look at for specific signatures of risk? 

Several paradigm shifts were identified, such as going beyond property damage and emphasizing business interruption, assessing post-disaster recovery, and focusing on the customer side. Regarding climate change, a position was presented that the market will take care of part of the issue. Examples include the possibility of decreasing coastal property values and the recent declaration of bankruptcy by coal companies in the U.S. It was ventured by one panel member that market adjustments will help address climate change in an orderly pace, but acknowledged market failures (e.g., infrastructure with no single entity as owner) exist. There was skepticism among other panel members to the free-market approach. Insurance policies which encourage or allow owners to rebuild in increasingly vulnerable locations were cited as a reason for such skepticism. It was also speculated that relying on the free market will not be as efficient from the perspective of society and the allocation of tax money. Communities should be careful regarding sustainability (e.g., consider discount rate and present value) in order to make decisions now that continue to use societal resources efficiently in the future.

[bookmark: _Toc482028115]Common Themes and Key Points (Session 1)

The following themes and issues emerged from the presentations and discussion on decision-making and evaluation of proposed alternatives:

· There is a need for best practices regarding the modeling of individual systems and connections between systems. Best practices should address the levels of generality and complexity needed/desired by end-users. 

· The evolution of the infrastructure, economic, social, and ecological capacities or reserves of a community under a broad range of disruptive scenarios is a key modeling need for assessing resilience.

· Interruptions to the flows of goods and services can produce stresses and losses that greatly exceed the direct costs of repairing or replacing physical damage to buildings and infrastructure. 

· There is a need for increased understanding of cascading failure effects between and within infrastructure and societal systems. 

· There are important questions to be addressed on how to shape human behavior to support resilient systems and how to design and present resilient systems to improve reception and implementation. 

· Resilience initiatives should be community specific. Resources and capacity should be assessed to determine if a community has the ability to recover. Community objective functions should be taken into account during decision-making to ensure policy is aligned with resilience and recovery goals (e.g., building back to pre-event performance vs. building beyond).

· If a community does not have plans in place for rebuilding better, it will not happen after a disaster event because of the pressure to restore services quickly.

· There are no isolated communities. In cases where a community cannot cope with an event or a threat, the next levels of society (e.g., regional, state, or national) will contribute resources. Thus, the problem of defining the spatial boundaries of the systems to be modeled can be very complex.




[bookmark: _Toc482028116]Session 2: Resilience Modeling Research Around the World

[bookmark: _Toc482028117]Session Presentations

[bookmark: _Toc482028118]Interdependencies, Cascading Effects and Resilience Optimization of Communities and Societies

Presenter: 	Dr. Georgios Giannopoulos, Scientific Officer, EU Joint Research Centre

Dr. Giannopoulos began his talk on resilience research performed at the European Commission’s Joint Research Centre (JRC) by introducing three tiers of resilience modeling. He then presented the Geospatial Risk and Resilience Assessment Platform (GR2ASP), a web oriented architecture which brings together geospatial technologies and computational tools for the analysis and simulation of critical infrastructures. Several case studies were provided to support the discussion of the GR2ASP methodology and its application to selected disruptive scenarios. 

Tier 1 of resilience modeling was related to the network analytics. Understanding network components and interactions enables quick analysis of intrinsic network properties, resilience analysis of directed/random disruptions, and resilience investment prioritization. 

Dynamical functional modeling of vulnerability and independencies of critical infrastructure (DMCI) is handled in Tier 2 of resilience modeling. Modular, cross-sectoral models are adaptable at different levels of granularity (e.g., local, regional, country, international). Generic variables that were identified for critical infrastructure representation include, but are not limited to: inoperability, service capacity, recovery time, and buffer time. Boolean representations of physical and organizational aspects are used in the DMCI, which helps to reduce analysis complexity. The objective of resilience optimization during Tier 2 is to minimize cascading effects and to maintain functionality for prioritized nodes. 

Tier 3 consists of the dynamic interoperability inventory optimization model. The work presented is based on W. Leontief’s inventory optimization approach. In Tier 3, service loss propagation in economic sectors can be assessed as a consequence of critical events using public economic databases. The model is applicable at different levels of granularity. 

GR2ASP is a server-client architecture that employs WebGIS technologies in conjunction with analysis tools for critical infrastructures and economic sectors. The platform is based on open-source software and supports multi-user collaboration and data sharing. 

Concluding the presentation, a scenario builder was identified as a key next step to link all three categories of models, from asset disruption to socio-economic impact. He stated that we need more involvement from the community; models should facilitate collaboration and not intimidate the end users. It was stated that we do not necessarily need an increased quantity of models, but closer links between existing models are needed. 

[bookmark: _Toc482028119]Resilience Modeling Research in New Zealand

Presenter: 	Dr. Nick Horspool, Natural Hazard Risk Scientist, GNS Science

Dr. Horspool delivered an overview of resilience modeling research in New Zealand. He began his talk by setting the stage for social and infrastructure systems in New Zealand, where two thirds of the population live in three major cities exposed to significant and diverse natural hazard risk (e.g., earthquake, tsunami, volcanic eruption, flood). Recent disasters in New Zealand have dramatically highlighted the impact shocks can have on society and its ability to function and grow. The Canterbury earthquakes affecting Christchurch in 2010-2011 caused catastrophic damages, but also provided a platform for a dialogue on resilience across various sectors of New Zealand. An overview was provided of New Zealand-based resilience modeling research programs and demonstrated through case-studies how these are leading to a more resilient New Zealand.

The first resilience program discussed by was QuakeCoRE, a centre for earthquake resilience. Flagship programs of QuakeCoRE include: 1) ground motion simulation and validation; 2) liquefaction impacts on infrastructure; 3) earthquake-prone buildings; 4) next-generation infrastructure; 5) pathways to resilience; and 6) distributed infrastructure. 

An outline of the National Science Challenge’s “Resilience to Nature’s Challenges” program was presented. The mission of this program is to partner with stakeholders to build a transformative pathway towards natural hazard resilience. This goal is achieved through priority-driven co-creation laboratories and targeted research, suited to the diverse and rapidly changing social, economic, built and natural environments. 

On-going risk-based resilience modeling in New Zealand has been largely adapted from a NIST framework for community resilience. The objective of this research is to translate the damage of the built environment into social and economic disruption experienced by each significant sector of the community. 

The Modeling the Economic Resilience of Infrastructure Tool (MERIT) was discussed next. MERIT is a fully dynamic model that is able to show status under various post-impact scenarios. MERIT has approximately 50 economic sectors/commodities which can be differentiated spatially, and it covers all geographic regions in New Zealand. MERIT is composed of a nested suite of models that can be used for different size and scale outages, and for different purposes. 

A case study of a magnitude 8.1 earthquake associated with a 400 km long rupture between Milford Sound and the Ahaura River was discussed. The case study covered direct losses, damages, casualties; road network impacts; rail network impacts; hydroelectric power and water outages; and restoration timelines under various scenarios. 

[bookmark: _Toc482028120]Urban Resilience: Asian Research Initiatives

Presenter: 	Dr. Dongping Fang, Department Head and Professor in Construction Management, Tsinghua University

Dr. Fang presented an overview of Asian research initiatives in the context of urban resilience. Dr. Fang’s presentation starts with an overview of world urbanization trend and the impact of disasters. Next, a framework and a vision of a city simulator for modeling urban resilience were presented. Current initiatives in urban resilience research at Tsinghua University were presented, and finally current researches in Asia were summarized.

Rapid urbanization is being experienced around the world and the global urban population is expected to increase to 69% of the total population by 2050. In order to achieve a better quality of life for all, future cities should be resilient, efficient, and sustainable. Challenges to urbanization include natural disasters (e.g. earthquake, mudslide, typhoon); accidents (e.g., explosion, fire); social safety (e.g., stampede, violence, group events); public health (e.g., SARS, H1N1, melamine); and coupled disasters (e.g., snow and ice, fire caused by earthquake). 

Modeling urban resilience through the development of the city simulator concept, which is a system of systems view of the urban system, was presented. Societal, cyber and physical spaces can all be captured in the resilience modeling of the City Simulator. It was emphasized that crossing academic boundaries is essential for making new breakthroughs, and could possibly lead to new disciplines.

Initiatives at the Institute for Future Cities and Infrastructures (IFCI) at Tsinghua University were next discussed. The IFCI is an interdisciplinary and transdisciplinary research program, conducting research on themes such as: data sensing and big data analytics in urban and infrastructure systems; sustainable life-cycle management of urban and infrastructure systems; and social and economic theories and models for future cities and infrastructures. 

Research initiatives throughout Asia were discussed. First discussed was the CREATE program at the Singapore ETH Centre, a part of the Future Resilient Systems program. The mission of the CREATE program is to address the challenges with critical infrastructure systems that provide essential services to modern societies. The Resilience Engineering Research Center (RERC) at the University of Tokyo was also highlighted. The RERC consists of three divisions to promote research into the principles and methodologies for realizing resilient systems. Finally, several specific research projects were highlighted such as technology management strategy for future social needs driven innovation at the global level; an assessment of massive integration of renewable energy by developing a multi-regional optimal power generation mix model; and a study on the strategies and scenarios required to achieve the reformation of power generation mix in light of the Great East Japan Earthquake. 

[bookmark: _Toc482028121]NSF Investments and Opportunities in Interdisciplinary Research on Critical Infrastructure Systems

Presenter: 	Dr. David Mendonça, Director of Infrastructure Management and Extreme Events Program, National Science Foundation

Dr. Mendonça’s presentation highlighted NSF funded research in the broad area of critical infrastructure systems. His presentation focused first on the critical resilient interdependent infrastructure systems and processes (CRISP) program and the current projects under this program. Next, the discussion shifted to methods and data, and finally an overview of the current CRISP solicitation was presented. 

NSF has made an investment of $59 million, over 37 projects, 71 project teams, and 180 individuals. The composition of awardees can be broken down across 3 divisions: engineering, computer and information sciences and engineering (CISE), and social behavior and economic sciences (SBES). Most projects tend to be led by engineering, with CISE at a distant second. Members of SBES play an important role as co-project investigators on many projects.

The various methodological approaches being used in the CRISP program were categorized as: optimization, statistical, simulation-based, physics-based, system dynamics, game theory, data extraction, surveys, and others. Regarding the data being used and generated under the CRISP program, several types were highlighted, such as: social media data, surveys, and activity diaries to better understand how humans operate with respect to critical infrastructure; metered data on different kinds of use, inventory, and maintenance; archival and public data; and synthetic or simulated data. The need for growth of archival and simulated data and the relationship between those was stressed. 

Next the need for integrative methods to support or explain cognition and adaptive behavior within infrastructures and the role of human agency beyond the demand for service was presented. Concerns beyond demand include how interdependent critical infrastructure systems are designed to behave during restoration and recovery and how they are controlled. Regarding data, the talk was framed with the question “what are the requirements of a common data block to support the CRISP research enterprise?” A workshop is being hosted by NSF on shared public data for critical infrastructure and materials sciences and the intersection between the two. 

Finally, the current CRISP solicitation for fiscal year 2017 was introduced. The recent announcement has four goals: community building enterprise / interdisciplinary research, design of interdependent critical infrastructures, creating knowledge for innovation in interdependent critical infrastructures, and improving infrastructure performance. 

[bookmark: _Toc482028122]DHS Sponsored Research: DHS Approaches to Supporting Infrastructure Resilience

Presenter: 	Mr. Matthew Coats, Program Manager Science and Technology Directorate, Department of Homeland Security

Mr. Coats delivered a presentation on Department of Homeland Security (DHS) sponsored research. He began his talk with a discussion of emerging trends and technologies, then explained the role of resiliency within DHS, gave an overview of DHS Office of University Programs funded modeling projects, and finally discussed the DHS Critical Infrastructure Resilience Institute. 

Threats to cyber infrastructure were identified as a constant risk underlying all sectors. Key emerging trends and technologies related to information technology highlighted were: a focus on challenges posed by cyber-attacks on the critical infrastructure supply chain, evolution towards smart manufacturing, and developing digital threads to make manufacturing infrastructure more resilient. 

The 2013 National Infrastructure Protection Plan was presented as an outline for how government and private sector participants in the critical infrastructure community work together to manage risks and achieve security and resilience outcomes. The three critical infrastructure sectors of focus for DHS are: the critical manufacturing sector, the energy sector, and the transportation systems sector. 

Several modeling projects funded by the DHS Science & Technology Directorate’s Office of University Programs were outlined. The first initiative discussed was the AgConnect software products developed at the Institute for Infectious Animal Diseases. This suite of software supports real-time situational awareness and decision-making regarding animal diseases. The Criticality Spatial Analysis Program, developed at the Food Protection and Defense Institute, assists with identifying and understanding the vulnerability of supply chains. The Economic Consequences Analysis Tool (E-CAT) provides quick estimates of the economic impact of various threats. The advanced circulation storm surge model (ADCIRC), developed at the Coastal Resilience Center, is used to predict when, where and to what extent flooding will inundate a community. 

Finally, an overview was provided of the Critical Infrastructure Resilience Institute (CIRI), led by the University of Illinois at Urbana-Champaign, and how it supports the DHS mission. Projects at CIRI include: analyzing and supporting the development of the cyber-insurance market; analyzing regulatory options for managing systemic risks; assessing supply-chain cybersecurity assurance for critical infrastructure; and measuring business and economic resilience in disasters. 

[bookmark: _Toc482028123]Facilitated Discussion

Moderators: 	Dr. Adam Rose, Research Professor of Public Policy, University of Southern California 

Dr. Bruce Ellingwood, Professor of Civil and Environmental Engineering, Co-Director of Center for Risk-Based Community Resilience Planning, Colorado State University

Scribes: 	Dr. Ken Harrison, Operations Research Analyst, National Institute of Standards and Technology

Dr. Andre Barbosa, Assistant Professor of Civil & Construction Engineering, Oregon State University

[bookmark: _Toc482028124]Data Collection, Security and Sharing

Data is an integral part of creating and validating systems models for community resilience. As such, several questions related to data were raised regarding issues such as collection of data, security of data, and methods to increase sharing of data. First, the panel was asked to comment on the temporal scale of data collection. Historically, data has not been collected for many sectors. Where data does exist, it is often at an inadequate resolution. 

There was a consensus among the panel that the quantity and quality of data needs to be improved. Many operators know they have interdependencies with others, but not the extent of the interdependency. Incentives could motivate utilities to undertake such data collection and analysis initiatives. The quantity of data collected on restoration was agreed to be particularly poor. There are vast dependencies (e.g., resource allocation, effects of human behavior, etc.) on the restoration side are largely unknown. 

Next, issues of data security were raised.

Several of the panelists discussed the need for high resolution data of the infrastructure in their presentations, though (in the U.S. specifically) these data are frequently not publicly available. Similar issues exist with healthcare data. The panel was asked if sharing metadata characteristics of the data (not the detailed data itself) could be a solution to possible security concerns. One of the drivers of solutions to the secure data problem in New Zealand was the fact that as the quality of the data improves, the quality of the asset management does as well. Lifeline operators who are able to see the benefit to sharing the data are much more likely to participate. 

Another approach to the secure data issue is the requirement of data sharing. The panel was asked to comment on the notion that there is some data that simply have to be shared. One argument was that tax money is invested to develop strategic plans to confront risk and therefore the data must be made available. 

It is important to understand what data is relevant for what effort. Sometimes disseminating excess information can leave a data owner vulnerable (e.g., to physical threats, competitiveness, ideological criticism, etc.). If the benefit does not outweigh the vulnerability, data owners will be less likely to share their data. Compliance with data availability requirements will not guarantee the quality of the data will be acceptable. There needs to be an incentive for the data owners. 

[bookmark: _Toc482028125]Interdependencies

Several questions arose regarding interdependencies between systems. As a start, the panel was asked how they would define interdependency and what they would like to see in research and in practice. 

The panel was careful not to overly-narrow the definition of an interdependency and its feedback processes. Interactions between systems are extremely rich and need to be two-way at every step possible. The panel agreed that in general the research community is data-limited on the dependency front. There is a need for organizations to communicate and understand the importance of the value added in defining, quantifying, and sharing data on their own interdependencies.

Though redundancies and interdependencies exist between utilities, each utility is operated independently. The panel was asked how this aspect of resiliency is addressed from a modeling standpoint. 

One parameter that is used to assess the overall dependency of a community or system is the time that a group needs to get back to operability. This parameter is highly scenario dependent but is inherently able to capture effects of cascading failure and recovery. 

[bookmark: _Toc482028126]Selection of Metrics

All of the presentations given in this session discussed research and models to address some aspect of community resilience. The panel was asked what types of metrics are used to determine if a solution will improve a situation and what types of questions the models are trying to answer.

Typically, the metrics that are chosen to evaluate model performance or decision alternatives are driven by the end user of the information or application. Given an interest of the end-user, the modeler should look at causes and indicators of that interest to develop metrics and objectives. Metrics should be determined over the full time-scale from pre- to post-event to assess the needs of the community at various stages of recovery. As more aspects (e.g., physical, social, economy, cyber, etc.) are considered, the metrics will become more complicated, but this is a fundamental need to assess the overall performance of the system. 

[bookmark: _Toc482028127]Model Integration

Resiliency deals with modeling of complex systems. A question arose as to how components of resilience models are integrated in the context of interconnected systems of systems. 

Creating more resilient systems is challenging due to the complex nature of the interconnections (such as interdependencies between the social and technical systems). Currently it is all piecemeal with no ability to model the systems altogether. The panel was in agreement that integrating and combining current models is a major challenge and future need. A modular framework within a computational platform could potentially present an opportunity for the research community to plug and play different with models and couplings of models. The concept of a framework to drive the definition and collection of data needed for quantifying resiliency rather than looking at step-by-step modeling processes was also highlighted. Ideally, such a framework would account for various hazards, including any social hazards, and serve as a means to tie the research and models together. 

[bookmark: _Toc482028128]Model Scaling

There has been much discussion on the temporal aspects of modeling and data collection. What would be challenges to creating models which are physically scalable? 

The panel was in agreement that model scaling must be assessed on a case by case basis. Some models are scalable, but limits should be provided as to where the models are accurate. Economic models have been shown to scale well between the county and state levels but may not perform well at lower granularities. At the community scale, local knowledge of dependencies is required. State and national scale models can utilize coarser data. Beyond that, data would need to originate from physical dynamics or actual regulators in the community. 

[bookmark: _Toc482028129]Model Validation

The first question that is often asked of modelers is how the models were validated. In cases for which we do not have data, such as looking at future states or when trying to answer what-if questions, how are models being validated? 

Stress tests, routinely done in banking and nuclear testing, are an option for validation. In this case, model components are failed individually or in combination with other model components to determine the impact on the overall system. The amount of theoretical validation is strikingly low compared to empirical validations. The panel was in agreement that the area of model validation needs significant improvement if the models are to be used to support decision-making and evaluation of resilience alternatives. 

[bookmark: _Toc482028130]Common Themes and Key Points (Session 2)

The following themes and issues emerged from the presentations and discussion on resilience modeling research around the world:

· The current availability and quality of empirical data on physical, economic and social dependencies and restoration times for disruptive events is poor. To a large degree, the research community is data limited. An increase in quantity, quality, and access to data is needed, as it is essential to creating and validating models. Historically, data has often not been collected at spatial and temporal scales useful for modeling. 

· Security concerns and constraints have made it difficult to obtain data necessary for systems modeling. Sharing of metadata (i.e., information about the data, as opposed to the data itself) may be an important first step. Access to metadata may allow researchers to show utility owners and other potential data providers the potential benefits of sharing data.

· Integrating and combining existing system models is a greater priority than developing new system models. The concept of a model library or framework could facilitate creating an interconnected system of systems. 

· There are many efforts underway around the world to develop and improve resilience modeling. Collaboration across academic and geo-political boundaries could foster new breakthroughs in systems modeling. 

· Increased input from the community and stakeholders is desired. There is a need to better understand human cognition and adaptive behavior within infrastructures.

· 


[bookmark: _Toc482028131]Session 3: Modeling of Systems and Dependencies

[bookmark: _Toc482028132]Session Presentations

[bookmark: _Toc482028133]Evolution of Hazard Assessment Modeling in Drinking Water Systems

Presenter: 	Dr. Royce Francis, Assistant Professor of Engineering Management and Systems Engineering, The George Washington University

Dr. Francis delivered a presentation on the evolution of hazard assessment modeling in drinking water systems, detailing the shift from primarily intentional events (e.g., terrorism) towards an all-hazards risk management approach. The talk covered the rationale for vulnerability assessment from the Bioterrorism Act of 2002, the transition to all-hazards analysis in Environmental Protection Agency (EPA) and American Water Works Association (AWWA) frameworks, and concluded with two example assessment tools representing the expanding scope of the knowledge bases required for all-hazards assessment. 

The Bioterrorism Act of 2002, Title IV provided the initial impetus for securing drinking water systems following the 2001 World Trade Center attacks. Key innovations of the bioterrorism act were presented, such as the requirement for utilities to conduct vulnerability assessments, to prepare an emergency response plan, and to prepare for various system disruptions (e.g., supply disruptions or the intentional introduction of chemical or other agents to the system). The act resulted in significant advances in distribution system monitoring research. 

Transitioning to an all-hazards analysis, how and why it has become apparent that natural hazards are more of a threat to drinking water systems than man-made hazards was discussed. Hardening a system for all-hazards may also be effective against man-made attacks or hazards, while hardening a system to protect against man-made attacks may be less effective against natural hazards. Tools developed to support all-hazards analyses for drinking water utilities updating their bioterrorism act vulnerability assessments include the EPA Vulnerability Self-Assessment Tool (VSAT), the EPA Water, Health, and Economic Analysis Tool (WHEAT), and the AWWA J100-10 Risk and Resilience Management of Water and Wastewater Systems (RAMCAP). The EPA tools, VSAT and WHEAT, are intended to be used in combination. The objective of VSAT is to identify critical assets, threats, effective countermeasures and costs; and the objective of WHEAT is to support the assessment of economic and health consequences. The AWWA J100-10 RAMCAP requires a ranking of critical assets for prioritization of resilience activities. 

Two examples used to highlight the expanding area of all-hazards assessment within the water systems framework include the development of an Adaptation Toolbox for Southeast Florida Water Supplies and the Water Resources Dashboard. The former includes a set of adaptation tools and fundamental empirical and physical data; and the later aims to be a one-stop location for water-relevant climate data sets. 

[bookmark: _Toc482028134]Modeling Water Distribution System Resilience

Presenter: 	Ms. Katherine Klise, Senior Member of Technical Staff, Sandia National Laboratory

Ms. Klise’s presentation outlined the modeling components of the Water Network Tool for Resilience (WNTR), demonstrated the use of the tool, and showed how WNTR can help water utilities estimate potential damage, evaluate preparedness, prioritize repair strategies, and identify worse case scenarios. 

The motivation and background for the development of WNTR was the fact that water utilities are vulnerable to a wide-variety of human-caused and natural disasters. Additionally, influences on the resilience of drinking water systems were identified as design, maintenance, operations, and interdependence with other infrastructure. Several important questions were laid out that must be considered in drinking water infrastructure resilience: What kind of infrastructure damage would be expected? How long would the system continue to provide water to customers? Which customers are impacted the most? What kind of restoration actions would be helpful and how should they be prioritized? What can utilities do to prepare?

Software capabilities of WNTR include: simulation of disaster scenarios; measurement of quantitative resilience indicators; benefit evaluation of utility response; and evaluation of improvement in resilience. The WNTR modeling framework was discussed in detail. The general flow of the framework was presented as generating a network model, defining disruptive events and restoration actions, simulating hydraulics and water quality, computing resilience, and finally analyzing and visualizing the results. 

WNTR employs tools such as EPANET and NetworkX to define and analyze network structure, components, leaks, and interconnectivity. Disruptive events are defined using fragility and survival curves to capture the probability of damage. The controls, demand, components, and attributes of the network can also be modified to match a particular scenario. Restoration actions (e.g., type of repair, number of crews, time to repair, firefighting capacity) are similarly defined. Hydraulic simulation and water quality simulation are performed using EPANET. WNTR includes a leak model to explicitly model water lost between the time when the leak starts and the time when crews can isolate and repair the leak. Metrics that are used to quantify the resilience include topography (e.g., shortest path lengths, bridges, articulation points, centrality), hydraulics (e.g., availability, pressure, Todini index, entropy, population impacted), water quality/security (e.g., water age, mass consumed, extent of contamination, population impacted), and economic (e.g., network cost, greenhouse gas emissions). Finally, results are stored in a time indexed database in order to analyze and visualize the results. 

[bookmark: _Toc482028135]Power Distribution Systems: Modeling of System Dependencies and Interdependencies

Presenter: 	Dr. Charles Macal, Senior Systems Engineer, Argonne National Laboratory

The presentation by Dr. Macal discussed modeling of system dependencies and interdependencies as related to power distribution systems. Part 1 of the presentation discussed the background motivation for the modeling; in Part 2 modeling methods were presented; in Part 3 modeling results were discussed; and in Part 4 future challenges to modeling of power distribution systems were covered.

First, the issue of increasing interdependencies between infrastructure systems was discussed. For example, the growing reliance of the electric power system on cheap and clean natural gas for power generation is creating a significant and growing dependency of the electric power system on the natural gas system, while, at the same time, the natural gas system heavily relies on electricity for its operation. These interdependencies create the possibility that both systems are potentially more vulnerable. Eight top questions, determined from literature review and interview, to best assist with understanding stakeholder requirements were presented.

Next, the link between infrastructure modeling and infrastructure resilience was explored. Two specific power distribution infrastructure models were presented: EPfast and NGfast (for electric power and natural gas systems, respectively). These models are linked by modeling the critical interdependencies between these systems. To demonstrate the model interdependencies, a hypothetical power disruption scenario set in North Dakota was presented. Local effects (e.g., downed power substations, local blackouts, disruption to natural gas processing plant, and reduced flow of natural gas), downstream effects (e.g., reduced gas delivery, reduced/halted production at gas-fired electric power plants, widespread blackouts), and restoration of the system were all discussed. 

Concluding, several challenges for advancing infrastructure and interdependency modeling were identified. Challenges include: better defining end-user requirements; identifying data needs for modeling; exploring development of integrated modeling approaches; delivering useful and useable models to users; and fostering collaboration among the R&D community. 

[bookmark: _Toc482028136]Reliability Assessment of Interdependent Networks Based on Survival Signature

Presenter: 	Dr. Matteo Broggi, Senior Research Associate, Leibniz University Hannover

The subject of Dr. Broggi’s presentation was reliability assessment of interdependent networks based on survival signature. Due to the complexity of the interdependencies, dependent failures are very difficult to predict and hence dangerous, in particular, when the initiating event is seemingly unimportant. Dr. Broggi proposed a solution based on the concept of survival signature which provides a novel basis for complex network analysis, outperforming traditional analysis techniques in numerical efficiency when estimating the reliability of networks. 

An introduction to the current analysis of complex systems began the presentation. Traditional analysis techniques were identified as fault tree analysis and reliability block diagrams. Limitations of traditional analysis techniques were identified as dependencies, common-cause failures, time-dependent behavior, lack of information, and complex network structure. 

Next, an overview of survival signature was presented. The key advantage of the survival signature approach is the complete separation of the structure of the network from its probabilistic characteristics. Once the signature of the network has been analyzed, the reliability analysis can be carried out by evaluating only the probabilistic structure, which makes the analysis particularly efficient.

A numerical example of modeling a hydro-electric power plant system was presented. Results from such an analysis allow the modeler to: assess sensitivities of the system reliability with respect to the imprecision of the model; control for the modeling accuracy; and control for detection precision and modeling refinement in critical parts of the system. 

[bookmark: _Toc482028137]Climate & Complexity: The Resilience of Natural-Built-Human Systems

Presenter: 	Dr. Auroop Ganguly, Associate Professor of Civil and Environmental Engineering, Northeastern University

Dr. Ganguly’s presentation focused on transferring climate science to impacts with uncertainties and what this could mean for the resilience of systems in general. He began his presentation with a discussion of climate risks, presented an example of a cascading failure in India, and introduced a framework for assessing climate impacts on infrastructure systems and evaluating post-disruption recovery options. Finally, the generalization and application of this framework towards ecological systems is discussed. 

The presentation began with Hurricanes Sandy and Katrina as examples of climate risks to natural-built-human systems. The disastrous effects witnessed after these hurricanes were the result of the climate (e.g., hurricane), the state of the built environment (e.g., an ASCE infrastructure rating of D+), and society (e.g., increasing population in vulnerable urban-coastal areas). Modeling challenges surrounding climate change were identified as uncertainty and non-stationarity that are often difficult to quantify. Additionally, in climate there are certain things that are known at large dynamical scales and translating what that means to an infrastructure scale is not always an easy task. In the context of natural/climate hazards, it is important to not just understand at a high level but to also understand what the signatures of the impacts on infrastructures are. As example, he discussed heat waves (projected to be longer, more intense) and hurricanes (projected to be fewer, more intense). He stressed that those kinds of changes have important implications for urban coastal areas. 

An example of a cascading failure in India during the delayed monsoon season of 2012 was presented. Much of the agricultural sector in India is dependent upon the monsoon season, hence the delay caused an increase in energy demand to pump additional groundwater. The delayed monsoons were also accompanied by an extreme heat wave, leading to increase air conditioning usage and further increasing the energy demand. This combined energy demand increased the stress on the electric power grid, leading to failures which quickly spread across the system, resulting in widespread blackouts across India. The cascading failures ultimately led to impacts on the Indian Railway Network – which is the supply lifeline of the nation. 

Lifeline infrastructure networks in the framework of national resilience were next presented. By analyzing hazards in conjunction with sophisticated network representations, system resilience can be enhanced. A framework for assessing climate impacts on infrastructure systems was introduced. The framework follows a general risk-centric approach, considering the threat, vulnerability, and consequence of a hazard in conjunction with network sciences. This framework was used to assess the Indian Railway Network. Using ticketing information, an entire network of the railway system was developed. Metrics of the system include strength, degree, and betweenness. This network then allows for the ability to begin quantifying the response and recovery conceptual curve. 

Finally, generalizing this framework and its application to ecosystems was presented. In ecology there is a concept called a keystone species. A keystone species was defined as one which will disproportionately help sustain the ecosystem. If the ecosystem is damaged, the keystone species are those which should be introduced back into the society to achieve near pre-event performance of the ecosystem. This is similar to an infrastructure system where a centralized node might be more critical to the overall system performance than an outlying node with fewer interdependencies. 

[bookmark: _Toc482028138]Natural Disaster Impacts on Infrastructure Systems and Society

Presenter: 	Dr. Judith Mitrani-Reiser, Assistant Professor of Civil Engineering and Co-Director of Center for Systems Science and Engineering, Johns Hopkins University; Director of Disaster and Failure Studies, National Institute of Standards and Technology

Dr. Mitrani-Reiser delivered a presentation on natural disaster impacts on infrastructure systems and society. She began her talk with a review of performance-based design and resilience-based design. She then presented an NSF-funded Resilient Interdependent Infrastructure Processes and Systems project titled Resilience of Critical Infrastructure-based Societal Systems (CIbSS), as well as a CDC funded project titled Composite Post-Event Well Being (CoPE-WELL). 

Using the Pacific Earthquake Engineering Research (PEER) Center’s Performance-Based Earthquake Engineering (PBEE) methodology, a conceptual overview of performance-based design as related to buildings was delivered. This general methodology was outlined to include hazard, structural, damage, and loss analyses. Performance-based design must also take into account downtime in buildings including repair time (e.g., the length of time necessary to procure items and conduct repairs) and mobilization time (e.g., the delay before construction begins including: time for damage inspection, consulting with professionals, bidding process, clean-up). For some building occupancies (such as hospitals) performance-based design procedures will not suffice in capturing the loss of important services. 

The example of a hospital was used to convey the process of resilience-based design, which is able to take into account various services within the structure. Using this methodology, resilience curves (e.g., functionality versus recovery time) can be created for various hazard scenarios. This methodology can be seen as a continuous feed process, including: design, hazard analysis, structural analysis, damage analysis, repair and operability analysis, and resilience analysis. It was summarized that while helpful for individual buildings, it will not suffice in capturing disaster impacts on important community institutions. 

CIbSS and their interdependencies with other infrastructure systems such as water, wastewater, power, natural gas, communication/cyber, and transportation were next discussed. The resilience of the entire CIbSS is assessed by employing discrete event simulation, care-paths that span critical units, resource tracking, and metamodeling with interactions. The concept can be applied to population displacement, food security, economic security, and healthcare delivery. Key needs to advance modeling of resilience in CIbSS were identified as: a holistic approach to capture community functioning over time, models that span multiple scales, effective use of data that is collected over a wide range of time scales, and models that capture the complex interactions of many community institutions. 

Finally, the CoPE-WELL model was presented. CoPE-WELL is a linked conceptual and computational model with the eventual goal of serving as a decision support tool for local, state, and federal stakeholders seeking to enhance community functioning and resilience. This model takes into account various community functioning domains such as communication, economy, education, food and water, government, housing, healthcare, public safety, and transportation. Given an event, its effects on natural and engineered systems, countermeasures, and information on population vulnerability, inequality, and deprivation are used to inform the community functioning over time (including social cohesion, preparedness & response, and external resources). 

[bookmark: _Toc482028139]Facilitated Discussion

Moderators: 	Dr. Hussam Mahmoud, Assistant Professor and Director, Structural Laboratory, Colorado State University

Dr. Terje Haukaas, Professor of Civil Engineering, University of British Columbia

Scribes: 	Dr. Juan Fung, National Institute of Standards and Technology

Dr. Ken Harrison, Operations Research Analyst, National Institute of Standards and Technology

[bookmark: _Toc482028140]Keystone Species in a System of Systems

In his talk, Dr. Ganguly mentioned keystone species in ecological systems as being those that are essential to a functioning ecosystem. This raised the question of whether the concept of keystone species is useful in thinking about built systems. In other words, can and should we identify critical components in a system of systems? 

Extending this concept to the built environment is not straightforward. For a particular component, for instance, an electric power network, keystone species might be analogous to critical nodes on the network. Within a more complex system of systems, however, interactions are more complex, and identifying keystone species is not obvious. Each component is itself a piece of critical infrastructure and so arguably critical to the larger system. While the concept is intriguing, care should be taken in defining exactly what a “keystone” infrastructure is and why this concept would be necessary. For instance, does it add something to the analysis of networks that a measure of centrality cannot capture? 

[bookmark: _Toc482028141]Second-Best Solutions

In the context of restoring post-event functionality, is it possible to accept suboptimal performance? The question raised concern over a possible disconnect between optimal functionality in a model and practical functionality for a community facing limited resources. To some extent, this depends on the community’s objective function. What does a community prioritize in terms of functionality? 

An example of patient throughput was presented by the panel. While optimizing such functionality, it may be more effective to strengthen long-term care facilities, which may go down following a major event and surge a hospital, as opposed to increasing hospital throughput capacity that will rarely be utilized. Giving a community the option to think through its priorities can help pin down the objective.

A similar concern arose over reaching a socially acceptable level of recovery. For instance, treating patients on sidewalks may work in the immediate aftermath of the event and having a dedicated space (such as a school gymnasium) may be a “socially acceptable” short-term intermediate step to recovering hospital functionality. How do we know when we are there and how do we model such a scenario? 

Again, what is socially acceptable is up to a community to define. The models can account for how long it takes to reach a socially acceptable level, but broadly defining what that means is beyond the scope of existing models. Addressing this question in the planning stage, before an event occurs, can ensure socially acceptable recovery is appropriately defined. For example, in post-Sandy New York City took advantage of excess office space for medical use. The panel cautioned that recovery metrics and time scales will vary between communities and so should be customized to best use the available resources and alternative spaces. Within the model framework, metrics should be weighted with time to reflect the transition from suboptimal to optimal decisions as recovery progresses. 

[bookmark: _Toc482028142]Alternatives to Scenario-Based Modeling

Existing models seem predominantly focused on particular scenarios, which can appear ad hoc when compared to a probabilistic estimate of the damage under a given event. The panel was asked how difficult it would be to perform this type of analysis and what the barriers might be. 

Scenario-based modeling aligns naturally with the way decision-makers (e.g., a utility) think about the problem, and so eases the issue of communicating the potential risk. The consensus among the panel was that such an analysis is possible but must ultimately rely on simulating thousands and thousands of scenarios, either through Monte Carlo or parameterized simulations, in order to infer damage distributions. Analytical probabilities are often intractable. In some cases (e.g., EPANET), such extensions are not possible in the existing software. In others (e.g., WNTR), the software can be extended. There is interest among researchers in developing more rigorous, statistically-based models, but this often conflicts with end-users’ goals.

[bookmark: _Toc482028143]Model Scale and Boundaries

Dr. Macal presented a model of an electric power distribution network (EPN) and pointed out that such networks are regional. Several questions arose as to how models scale across different boundaries (e.g., a region versus a community) when defining resilience. 

Distribution networks are far more complex than transmission networks, though electrical transmission networks often extend over large regions and sometimes cannot be directly scaled down to a community level. Electrical transmission systems must be solved as whole, from which part of the grid can be extracted. In other words, the infrastructure often defines the scale. 

When scaling models or extracting a subset of a critical infrastructure system corresponding to a community, how should boundaries be determined for each system? 

An example of hospitals in California wanting to plan for a possible influx of Mexican patients was presented by the panel. In this case, modeling outside of the typical network area is important to the critical infrastructure of interest to the community. A second example of Boston and Cambridge, neighbors who face similar issues but often have conflicting policy across jurisdictions, was presented by the panel. An audience member remarked that ethical and legal boundaries raise similar issues, so perhaps the problem itself needs a boundary. 

[bookmark: _Toc482028144]Hazard-Agnostic Models

Dr. Francis presented the evolution of resilience thinking in water distribution, which has shifted focus from man-made threats to the broader area of natural hazards. This presentation sparked the question of whether it is possible to map man-made hazards onto natural hazards, so that we can focus on the latter while confidently addressing the former in the process. 

The consensus was that this approach may be undesirable. Water supply systems do not behave like electric power systems. Water supply systems can take advantage of demand and supply imbalances and ample storage to create slack in their systems. Electric power systems, on the other hand, must continuously balance supply and demand. More generally, there is skepticism regarding the value of developing hazard-agnostic models. Epidemics and bio-threats evolve differently on a temporal scale than natural hazards. Additionally, while translating fragility curves across hazards (e.g., from earthquakes to floods) may be possible in some cases, it may not actually make the system more resilient. As in the discussion regarding scenario-based modeling, there is a tension between analytical generality and practicality.

[bookmark: _Toc482028145]Common Themes and Key Points (Session 3)

The following themes and issues emerged from the presentations and discussion on modeling of systems and dependencies:

· Response strategies should be prioritized and modeled based on community objectives and available resources. Metrics, time scales, and desired level of recovery will vary between communities. Models must be flexible to address a wide range of questions, objectives, alternatives, and time scales.

· Improvements are needed in scaling of processes, data, and models. Some systems operate at a national or regional level and therefore cannot be modeled solely at the community level. Data has historically been collected at non-standard spatial and temporal scales. 

· Interdependencies between and within systems are often complex and can lead to unpredictable cascading failures. Interdependencies between infrastructure systems have been increasing and are likely to continue to increase. This trend will further increase the need for integrated modeling approaches and interdisciplinary collaboration within the research community.

· Attempting to build generalized, hazard-agnostic models to account for the wide array hazards to a system is undesirable. This approach can neglect spatial and temporal scales of the hazard as well as capacities available to a system.

· There is a tension in the research community regarding the generality vs. practicality of models. Probabilistic models provide a greater generality and rigor than scenario-based models but can be more difficult to communicate to the end-user.






[bookmark: _Toc482028146]Session 4: Modeling of Recovery

[bookmark: _Toc482028147]Session Presentations

[bookmark: _Toc482028148]Physical and Economic Impacts of Earthquakes and Other Hazards

Presenter: 	Dr. Terje Haukaas, Professor of Civil Engineering, University of British Columbia

Dr. Haukaas began his presentation with a discussion on model granularity, general model organization, the computer program Rts (developed by his research group) which coordinates the analyses of many probabilistic models, and an optimization model that can be used in the Rts program. The second portion of Dr. Haukaas’ talk covered interdependent network systems and assessing the resiliency of a community. In the third portion of his talk, Dr. Haukaas discussed the integration of building information models (BIM) with traditional finite element modeling (FEM), and what role such an integration may have in building optimization.

A high-level overview of model organization was presented. Broadly speaking, at the regional, building, and component levels, there are occurrence models, intensity models based on location and magnitude, damage models and loss models. A model framework, Rts, was developed which is implemented in a C++ environment and allows the modeler to plug-and-play with different model components. Response objects are used to carry information from one model to the other to handle model interdependencies. From such a model, one of the main outputs is loss curves. Several types of loss curves were identified, including: the probability of exceeding a given loss in a certain period of time considering a given hazard (here earthquakes), structural and nonstructural drift sensitivities, and acceleration sensitivities. An optimization module which takes some sort of risk measure has also been developed for use in the Rts framework. The optimization is performed by carrying response object sensitivity through each model and utilizing gradient-based observations.

Looking at networked systems, Dr. Haukaas presented efforts to assess the resiliency of coastal communities of Vancouver. In the event of an earthquake, getting resources (e.g., food, fuel, medical supplies) to these communities was identified as a significant challenge. In the Rts framework, ports, refineries, trucks and ships are modeled as objects that can transport resources. As the recovery takes place, some of the ports come back online and deliveries of resources are able to continue. A case study was presented of the Powell River community (approximately 120km northwest of Vancouver) experiencing an earthquake scenario. The community has 10 days of reserve fuel storage and receives deliveries every 3 days. Typical issues that can be analyzed in the model include how keeping the reserve fuel tanks full affects the vulnerability to earthquakes and how the demand might change following an earthquake. 

Finally, the ability to communicate across BIM and FEM to establish information rich, structural models was discussed. Doing so allows for the consideration of impacts from issues that structural engineers typically do not consider (e.g., environmental impacts, down time, etc.) throughout the life of a building (e.g., manufacturing, construction, operation, structural analysis, demolition). Multivariate fragility curves were identified as a potential improvement to currently available damage models. An example of a building with a central core and gravity bearing columns experiencing an increasing level of damage was explored. In this case, his research group’s approach is to predict damage as a surrogate for the repair action. Once the repair action is known, an analysis of recovery time and cost can begin. 

[bookmark: _Toc482028149]Road Network Functionality of Istanbul Following an Earthquake

Presenter: 	Dr. Himmet Karaman, Associate Professor of Civil Engineering, Istanbul Technical University

Dr. Karaman presented a study on road network functionality of Istanbul following an earthquake. The outline of his presentation was as follows: aim of the study, data, analyses (including building damage, debris area and radius, debris direction, and bridge damage), results, and conclusion. 

Many scientific studies have concluded that Istanbul will experience a major earthquake resulting in extensive structural damage to the built environment. There have been many studies performed to assess building damages, but the study presented is the first to focus on the transportation functionality following such an event. 

The effects of road blockage due to building collapse and due to bridge damage were both considered. Building and bridge damages in Istanbul were estimated in HAZTURK for a 7.5 magnitude hypothetical earthquake occurring along the main Marmara fault line. It was found that buildings near the coast have a probability of collapse or heavy damage exceeding 40%. 

The general modeling methodology for road blockages due to building collapse was outlined based on a database of damage experienced in Gölcük, Turkey during the 1999 Kocaeli Earthquake. The database is then used to define the building collapse direction and the debris spreading distance. Building damage analysis was performed for Istanbul in order to identify buildings that have a mean damage of more than 30%. Trends determined using the Gölcük database regarding debris spreading were then applied to Istanbul. The results were overlaid onto the Istanbul road network to define post-event road functionality. Using the Gölcük database, the average distance of the debris spreading of collapsed buildings was 17.45 meters. Using this measure as a buffer applied to Istanbul, it was estimated that 3,000 kilometers of road would be blocked following a 7.5 magnitude earthquake. 

In modeling bridge damages, considerations were made regarding: bridge classes/types, distribution of bridges, and bridge functionality over time (includes anticipated restoration time). Immediately following the earthquake, 194 bridges were expected to have a complete loss of function. Three and seven days following the event 32 bridges and 1 bridge, respectively, were still inoperable. Finally, combining the bridge and building damage assessments, a total of 3,500 kilometers of road were estimated to be blocked following the hypothetical scenario. 

[bookmark: _Toc482028150]Measuring and Improving the Resilience of the Built Environment in a Community

Presenter: 	Dr. Quanwang Li, Associate Professor of Civil Engineering, Tsinghua University

Dr. Li’s presentation covered measuring and improving the resilience of the built environment in a community. The study considered four building sectors that provide essential functions to a community: housing, education, business, and public services. 

The presentation began with a discussion of natural hazard threats to the built environment, such as hurricanes, earthquakes, landslides, floods, and storm surge. Regarding resilience of the built environment, he pointed out the need for a pre-event measure of functionality to be defined. In this study, the population outmigration (or the percentage of people in a community who dislocate following a disaster as a result of physical damages to buildings) is used as a resilience metric. This metric was chosen as its occurrence would adversely impact a community’s ability to function normally.

Community functionality is defined as the percentage of population remaining in the community. The functionality of the community is based upon the performance of building sectors that support essential community activities. Measuring the community functionality is a probabilistic function that takes into account the probability of loss of a single community sector (e.g., building sector) and the probability of population outmigration conditioned on the loss of one or more community sectors. 

A framework for linking community resilience goals to specific performance targets for the built environment was developed. Given various probabilities of loss for each of the building sectors, a risk matrix is developed. It was assumed that out of four risk categories, if two or more sectors are in the most extreme risk category, or if three or more sectors are in the second highest risk category, significant outmigration may occur. 

A second framework was presented for determining optimum retrofit strategies based upon the community functionality framework. This framework takes into account building type, quantity of buildings, cost of retrofit, and time to retrofit. The optimization largely focuses the retrofitting in building sectors which have relatively fewer buildings as well as towards buildings with lower retrofitting costs, ultimately resulting in higher cost efficiencies. 

A third framework for evaluating the performance of the traffic system to support the community recovery process was next presented. This framework accounts for the capacity of the traffic system (e.g., ratio of resources shipped daily to resources needed daily for recovery) and the probability of damage to, or collapse of, critical bridges. Considerations of the traffic system can be incorporated with the community functionality framework and the optimum retrofitting framework to determine the recovery time of a community following a given event. 

The frameworks presented can be used to compare and evaluate various pre-event measures and what effect they might have on the community recovery time. As an example, a hypothetical case was presented where all bridges in Beijing were hypothetically retrofitted for a magnitude 9 earthquake. Under the given earthquake event, the recovery time of the community with retrofitted bridges is significantly reduced compared to the current state. 

[bookmark: _Toc482028151]Housing Demand & Capacity for Medically Fragile & Vulnerable Populations: Modeling Transition through Temporary, Interim, and Permanent Housing Recovery

Presenter: 	Dr. Joshua Behr, Research Associate Professor, Virginia Modeling, Analysis, and Simulation Center, Old Dominion University

Dr. Behr presented a study to develop a set of simulation models that allow for the forecast of the demand and transition times for temporary, interim, and permanent housing of displaced households stemming from weather events. Dr. Behr highlighted the utility of the model in its ability to evaluate ‘what if’ testing scenarios for local pre-disaster housing recovery planning practices and policies. The definition of resilience used in this study is the ability of the system of systems to temper the impact, to hasten the rebound, and to transcend the pre-event normal. 

A high-level overview of the model was presented as starting with housing and neighborhood vulnerabilities, regenerative capacities for housing, and storm surge and wind speed data projections. This data is fed into a demand-capacity model to obtain information on housing damage by type of structure, displaced populations, and housing production capacity. The demand-capacity model then informs the dynamic modeling and production chain models. The output from the model is the forecasted housing recovery including supply-demand gap in interim, temporary, and permanent housing. 

Next, the storm scenario selection and modeling process was discussed. Three categories of storms were selected. The first was a historic tropical cyclone that had previously struck Hampton Roads, Virginia causing significant flooding and high winds along its track. The second was identified as a quasi-historic storm, where the track of a historical tropical cyclone that made landfall outside of Hampton Roads was modified to pass directly over the community. The third was called a black swan event, which was mostly user defined and intended to generate a truly catastrophic event. Selected storm scenarios included: 1933 Chesapeake-Potomac storm (historic), 2012 Sandy (quasi-historic), 1996 Fran (quasi-historic), 1989 Hugo (black swan). 

In estimating the vulnerability of Hampton Roads to each of the selected storm scenarios, many dimensions of vulnerability were assessed. For example, financial, mobility, healthcare, insurance, social-familial, aged, dependent, and theft vulnerability all fed into the overall vulnerability of the localities comprising Hampton Roads. Combining the scenario modeling with the spatial vulnerability modeling yields displaced population versus vulnerability and owner/renter status. 

In estimating the housing stock reconstruction and repair, time, labor, equipment, and materials were all taken into account. Factors such as the type of trade, materials required, cost of labor, and time of repair all factor into a construction schedule that can inform overall recovery time. Finally, a conceptual supply chain model can also be incorporated to inform the overall recovery time, demand and transition times for temporary, interim, and permanent housing, and likelihood of persons relocating outside of the community. 

[bookmark: _Toc482028152]Modeling Recovery: The Role of Disaster Financing

Presenter: 	Dr. Carolyn Kousky, Fellow, Resources for the Future

In her presentation, Dr. Kousky discussed the role of financing systems in recovery, risk perceptions and preferences in recovery, and factors missed by aggregate impacts. 

First two types of disaster financing, ex-ante and ex-post, were discussed. Types of ex-ante (pre-event) financing include insurance or other forms of securitization; types of ex-post (post-event) financing include disaster aid and access to credit. Insurance can provide larger and timelier payments to individual households than can disaster relief funding, ultimately leading to: a greater likelihood of rebuilding, limited negative economic shock to households; limited negative multiplier effects throughout communities. 

Despite the benefits of disaster insurance, take-up rates remain low, and households are unlikely to voluntarily insure against disasters. Only about 50% of households in the 100-year floodplain have flood insurance and only about 10-12% of households in California have earthquake insurance, despite the high risk associated with each of these communities and events. Reasons for the low take-up rate of disaster insurance were presented as: high cost, heuristics and biases, inaccurate or incomplete information, bounded rationality, transaction/search costs, and myopia. 

The disaster declaration process begins with the disaster itself. The governor must request funds from the federal government. A rapid assessment will be performed by FEMA who sends a recommendation to the president. The president then decides to issue a declaration that can be for individual assistance and/or public assistance. FEMA then disburses the funds from the disaster relief fund, and finally supplemental legislation may be needed. Historically, the number of presidential disaster declarations shows a positive increasing trend since about 1950. For households, FEMA offers individual assistance grants, though many applications are denied. The assistance is often limited in amount and purpose, and can take months or years before it actually makes it to the household. 

A new trend in disaster aid is the community development block grant disaster recovery program (CDBG-DR). Local governments have a greater flexibility in how the funds are used and the funds can be used for recovery and for mitigation (disaster declaration funds can only be used for recovery).

Between 2002-2014, 89% of FEMA spending on hazard mitigation occurred after a disaster had occurred, with only 11% of funding occurring before the disaster. A significant portion of possible mitigation is not performed for reasons such as: high upfront costs, high transaction costs, no compensation for disruption or loss of use during mitigation, risk perceptions, and inaccurate/unavailable information. 

Aggregate measures of community wide economic activity may be misleading as there is often significant variation in disaster financing at the household level. Some aggregate measures (e.g., gross domestic product) can mask critical distributional impacts of disasters or do not equate with overall welfare. Impacts from disasters are often localized and distributional consequences can be large even when the overall aggregate consequences are low. 

[bookmark: _Toc482028153]An Integration of Social Vulnerability Data and Mapping Tools for Community Vulnerability Assessments and Recovery Modeling

Presenter: 	Dr. Nathanael Rosenheim, Assistant Research Scientist in Architecture, Texas A&M University

Dr. Rosenheim began his talk by highlighting the biggest challenges of social science recovery modeling as: integrating qualitative and quasi-experimental research with engineering fragility models; model resolutions that show spatial variance in impacts across demographic subgroups; modeling short-, medium- and long-term recovery when available data is annual or quarterly; modeling variations in infrastructure at the neighborhood level to capture investment, divestment, and equity issues.

Pre-existing community characteristics (e.g., hazard exposure, physical vulnerability, and social vulnerability) shape and determine the specific impacts of hazards. When these three community characteristics increasingly overlap, the community becomes more vulnerable, and the recovery becomes slower. In order to integrate social science into hazard assessments and recovery modeling, community characteristics must first be defined in order to identify spatial clusters where vulnerabilities overlap. 

Areas with higher vulnerabilities experience disproportionate losses and greater displacement. To support this claim, housing recovery indices were presented for Hurricane Andrew in Miami-Dade Florida and Hurricane Ike in Galveston, Texas. In Miami-Dade owners, who are often the less vulnerable population, recovered past the pre-existing level within three years, while renters only achieved a 70% recovery in four years. In Galveston, Texas, in four years’ time owners had achieved a 67% recovery level while renters had achieved only a 36% recovery level. 

As an example of social science integration, an analysis was presented of Cameron and Willacy Counties in Texas under a hypothetical hurricane causing significant storm surge. Metrics of the hazard included pre-defined hurricane surge zones and hurricane evacuation zones. The physical vulnerability was based upon several factors such as geographic location, critical facilities, interdependencies, and age, and was measured using vulnerability assessment and risk analysis. Several metrics of social vulnerability were identified such as: household structure, socioeconomic status, gender, race, age, tenure, urban/rural, special needs populations, and employment status. Combining these metrics, the entire set can be used in mapping tools to capture areas of hyper-vulnerability in context of the hazard exposure. 

Several model dimensions and the fact basis supporting them were presented (e.g., fiscal model impacts are supported by tax base and sales data). Several challenging issues that were highlighted in regards to community recovery modeling include: time scale, spatial scale, uneven and inconsistent data across sectors, analysis expense and time (increasingly so at smaller spatial scales), public versus private proprietary data, and compiling all impacts into a single picture. 

[bookmark: _Toc482028154]Facilitated Discussion

Moderators: 	Dr. Harvey Cutler, Professor of Economics, Colorado State University

Dr. Keith Porter, Research Professor of Civil, Environmental, and Architectural Engineering, University of Colorado Boulder

Scribes: 	Ms. Jennifer Helgeson, Office of Applied Economics, National Institute of Standards and Technology

Dr. Suren Chen, Associate Professor of Civil and Environmental Engineering, Colorado State University

[bookmark: _Toc482028155]Defining, Communicating, and Modeling Metrics

The needs of a community may be different at different times following a disaster. Metrics should be defined that are dependent on a temporal period following a major event. For example, critical services could be identified for the recovery process. Similarly, metrics of human agency as a function of time following a disaster are needed. For instance, the loss of water service for one week might not be a significant problem, but no water service for several months might result in population outmigration. 

The panel cautioned that metrics and time scales will differ from society to society. Following the 2008 earthquake in China, people stayed in temporary housing provided by the government for several years, trusting that the government would fix everything. 

It was proposed to the panel that metric definitions and capabilities to define metrics are satisfactory, and instead that the real issue is that modelers are not very good at communicating the metrics. It is not always clear which metrics should be highlighted and important metrics (such as system capacity) are often omitted. Which are the pre-disturbance metrics that are important to communicate to communities? 

Valuable pre-disturbance metrics for vulnerability should be defined in three areas: social, economic, and building stock. Populations that are vulnerable to all three should be identified and communicated prior to an event. Tools can be used to ameliorate issues before a disaster occurs. Metrics in the response phase may be similar to the pre-event phase. Ideally the city manager will be able to give meaningful estimates based on implementing a resilience plan that was put together before the event.

What are the key metrics and how close are modelers to being able to model them in advance of a hazard event being realized? How easy is it to estimate and control these metrics ahead of time? 

One key metric that was suggested is the time to repair. Repair time (e.g., to homes, businesses, schools, hospitals, infrastructure) is indicative of the time it takes for community functioning to resume. One panel member suggested key measures are relatively easy to determine ahead of time, but the question is how to appropriately combine them. Appropriate network analysis of how these things fit together is missing. However, there was disagreement among the panel with the notion that the metrics are easily defined or stable, noting that there are still challenges particularly with metrics related to social issues. For example population recovery might not be a positive indicator if there are some people that are better off (long-term) relocating than coming back to the community. 

[bookmark: _Toc482028156]Cascading Recovery

Dependencies and cascading failure effects have been discussed in throughout this session. The question was raised as to whether recovery can be viewed as cascading in the same way as is on the risk side?

The panel was in agreement that a community is a system of systems and repair of one system will affect the recovery in another system. As such, methodologies could be developed to find optimum strategies to effectively and efficiently improve the systems. Several key links in communities that could be formulations of such cascading effects in recovery were identified by the panel, such as the links between: business recovery and housing recovery; retaining key societal roles (e.g., teachers, fire fighters, etc.) and community functioning; the establishment of a safety-net health system and societal well-being; and satisfying Maslow’s hierarchy of individual needs during recovery and community recovery. 

[bookmark: _Toc482028157]Policy Decisions and Recovery

How do policy or governance decisions affect recovery? Is it positive, negative, or both? 

When governments issue travel bans or mandatory curfews or closures during hazard events, this can have a positive impact on safety but a negative impact on business. In terms of recovery, there are requirements when federal dollars are involved. In the U.S., FEMA provides tools and guidance on how to conduct a benefit-cost analysis, but this is usually problematic for communities that want to build back better. There are a number of blanket policies without appropriate flexibilities. An example was provided from Hampton Roads where different localities have different views and plans for resilience. Some are interested in building back stronger while others are interested in a speedier recovery. Communities that use build back better approaches may be more resilient, but they will pay up front for delaying the rebuilding process. This is also an additional burden on the poor.

The possibility of community-wide insurance policies was presented to the panel for discussion. For example, a hypothetical city could buy an insurance policy, on behalf of those who can’t afford the cost of insuring, in order to guarantee how soon the expected recovery status may actually return. 

Situations similar to the hypothetical presented to the panel are currently being explored and enacted with mixed results. A study was discussed where taxes from property level assessment were found to be a viable funding source for a community flood insurance policy for places with low income populations located in vulnerable areas. This solution could act to increase the community resilience and decrease recovery time. An example was provided following an earthquake affecting Istanbul, where the government placed the most disadvantaged population in new housing with a guarantee of housing for 15 years. At the end of the 15 years, the population was forced to leave the housing. This solution essentially delayed the original consequences of the disaster. 

Regarding storm surge hazard, the main discount for insurance is on elevating your house. The panel was asked from the policy perspective what other options, which are more easily incorporated, are good for resilience? 

Affordability is a key issue of flood insurance. The riskiest properties are the most expensive to insure. Places that have a discount on insurance premiums have issues with insurance companies, as the companies don’t think that the discounts are connected to their rates and reduced risk. Additionally, discounts are typically so low that they don’t spark new mitigation.

[bookmark: _Toc482028158]Social Vulnerability

Depending on economical and societal conditions, communities have been found to behave differently and have differing priorities following a major disruptive event. Should the social vulnerability matrix consider the intention of the community? 

The panel was in agreement that it would be better for overall resilience and recovery to have a community create a set of indices or metrics unique to its own priorities and preferences. Regarding increased social cohesion, in recognizing the importance of a process and bringing people together, it is important to figure out preferences and values ahead of a disaster event. The capacities of groups in communities should be recognized and made visible in the modeling.

Social cohesion and community bonds can be positive but so far social vulnerability has been discussed in a negative light. Can it be considered on the positive side? There may be community characteristics that result in needing different services but that may ultimately help in recovery.

Dissatisfaction with the term social vulnerability was expressed. It is negative and does not capture social abilities. Thinking about vulnerability as increased uncertainty may be one solution to overcome this negative casting. 

[bookmark: _Toc482028159]Common Themes and Key Points (Session 4)

The following themes and issues emerged from the presentations and discussion on modeling of recovery:

· Social vulnerabilities and interdependencies have a significant effect on the impact of hazards and should be taken into account in modeling recovery. Pre-existing community characteristics (e.g., physical and social vulnerabilities) will shape and determine the path and speed of recovery.

· Similar to failure, recovery can also be viewed as a cascading process. Recovery of one system is likely have a positive impact on other connected systems. This information should be used to optimize resilience and recovery measures. One example is the linkage between housing recovery and business recovery.

· Pre-event community metrics should be quantified regarding social, economic and infrastructure systems. This information can be used to inform resilience policies prior to an event and to evaluate the performance of such policies in the days, months, and years following an event. Consideration should be given to both social vulnerabilities and social abilities (e.g., social cohesion and community belonging).

· Key challenges to modeling recovery include temporal and spatial scales of data, inconsistent data across sectors, and high analysis time and expense.

· Aggregate measure of social and economic recovery at the community level can mask more severe impacts and slower recovery within specific neighborhoods or population groups.

· Households are unlikely to voluntarily insure against rare events. As a result, recovery is often dependent upon access to disaster aid and credit.

· Modeling of recovery must be flexible. Different communities will have different resilience and recovery goals. For example, some communities may focus on building back faster while others may focus on building back better. There may also be different preferences in terms of resources allocated to pre-event mitigation vs. post-event recovery.  
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[bookmark: _Toc482028162]GRRIT® - a Sustainable Tool for Reducing Weather and Climate Impacts

Presenter: 	Dr. Cindy Bruyère, Deputy Director, Capacity Center for Climate and Weather Extremes, Mesoscale and Microscale Meteorology Laboratory, National Center for Atmospheric Research

Dr. Bruyère gave a presentation on the management of data and models for resilience assessment. She began with an overview of the National Center for Atmospheric Research (NCAR) and its Capacity Center for Climate and Weather Extremes (C3WE). She next discussed the motivation for the initiatives underway at C3WE and the importance of effective communication in resilience analysis and planning. She then presented the Global Risk Resilience and Impacts Toolbox (GRRIT). Finally, two tools in GRRIT were presented as examples of its capabilities. 

The number and cost of natural hazards are increasing. Potential causes for the increasing cost of natural disasters include: climate change and variability; increased development and relocation to vulnerable areas; and lack of planning. The largest contributor to the increased cost of natural disasters was identified as the communication gap, with over 60% of engineering failures directly attributed to lack of knowledge and communication of information as their primary causes of failure. One example given was in communicating climate change effects on hurricane activity to a manager. Instead of communicating in terms friendly to scientists and engineers (e.g., change of power distribution of storms in the North Atlantic), it would be more effective to communicate in terms friendly to the manager (e.g., the cost of hurricanes due to climate change is projected to increase by X dollars in Y years). 

Next, GRRIT was presented. This toolbox is an entire framework that is supported at its foundation by data of various types hosted on a large number of computers not necessarily owned or operated by NCAR. NCAR does not want to be the custodian of others’ data, but wants to provide links between databases and serve as a resource to point the community in the right direction. Once captured, relevant data are fed to decision-making tools to provide insights to critical questions related to extreme weather and climate risk and resilience.

Two tools of GRRIT were next presented as examples of its capability. The first tool was specifically for the off-shore oil industry to assess their vulnerability to hurricane hazards and estimate the amount of damage that is likely to occur. There exists a weak relationship between the Saffir-Simpson hurricane scale and expected damages (10% correlation) and the need for a more reliable index. Using wind speed, translational velocity, and storm size, a cyclone damage potential index was developed, which yielded an 80% correlation to the expected damages. This tool also has an extension for a future scenario, so a manager can use possible future trends to determine what level of damage they might expect into the future and evaluate alternative actions they might want to take. 

The second tool discussed was one developed for the construction industry. When the construction industry bids for a contract, they look at the historical period and estimate contingencies for budgeting. This method could be vastly improved if the construction industry had advance knowledge of weather they might expect. For example, instead of projecting an average of 5 days contingency for rain in Houston, what if it was known to be an El Niño (or La Niña) year and Houston was projected to be much wetter (or drier)? The three major weather sensitivities of the construction industry are temperature, rainfall, and winds. From this foundation, a tool was created that can produce maps which provide more useful information than standard above, at, or below normal projection estimates for a geographic area. The tool can yield information such as the number of days when temperatures will be above 40°F and when in the season a particular extreme (e.g., cold/hot, wet, windy) trend might occur. 

[bookmark: _Toc482028163]Resilience Modeling Innovations of the HayWired Planning Scenario

Presenter: 	Dr. Keith Porter, Research Professor of Civil, Environmental, and Architectural Engineering, University of Colorado Boulder

Dr. Porter’s presentation highlighted several resilience modeling capabilities of the USGS’s HayWired earthquake planning scenario project. He first provided an overview of the HayWired project and its origins. Dr. Porter then discussed the societal impacts of building code performance objectives and the fact that life-safety design can lead to unacceptable building impairment in a large urban earthquake. Public preference, expectation, and willingness to pay for seismic resilience of new buildings were also discussed. Next, Dr. Porter presented a new water supply model with lifeline restoration, interaction, and resilience measures. Concluding the talk, several open questions were posed to the audience and broader resilience modeling community. 

Building codes, particularly the IBC and ASCE7, aim to protect life safety and in earthquakes they do that job very well. The audience was led through an example of two cases where the entire building stock of the San Francisco Bay Area was assumed to be: 1) compliant with current design codes, and 2) 50% stronger (e.g., can survive 50% stronger shaking) than current design code requirements. The second case reduced the probability of collapse due to shaking by about one third. For each collapsed structure there are approximately 60 impaired (red or yellow tagged) structures. Results presented from the HayWired experiment show roughly 8,000 structures collapse at the code compliant level compared to 2,000 with the 50% increase in strength. For an entirely code compliant building stock, there are 100,000 and 400,000 red and yellow tags, respectively, affecting 1.5 million people, 150,000 businesses, and 24% of the buildings in the 9 counties surrounding the San Francisco Bay area. There isn’t enough vacancy in the San Francisco Bay area to accommodate all of the displaced people, which will result in out-migration. In the HayWired experiment with the 50% stronger buildings, results show only 6% of the building stock is impaired, which almost meets an urban planning objective of 95% of people being able to shelter in place after a large EQ.

An overview of a first-ever large survey conducted to determine what the public would prefer if they knew realistic cost and performance options was presented. Results from the survey show the largest number of people expected a building to at least be occupiable after a once in a lifetime earthquake event and nearly 20% of them expected or wanted a building to be functional. Only about 22% of survey respondents expected or wanted the performance that the building code actually provides (life safety). Next, the survey sought to determine if and how much the public would be willing to pay for the desired increase in structural performance. Putting the cost in familiar terms, the increase in performance would cost approximately $3/sf. The majority of survey respondents said they would be willing to pay at least that much. He also reported, however, that this finding is in direct contradiction with interactions with most builders and owners. The issue is not in the cost itself but with cost competitiveness. Builders would prefer a mandatory design strengthening applicable to all in lieu of an optional code plus design alternative that may increase their bid over their competitors. 

The second topic presented covered a new water supply model that includes lifeline restoration, interaction, and resilience. In a shakeout scenario for southern California, business interruption losses due to loss of water service accounted for about a quarter of the overall loss. Damage from shaking, liquefaction, landslide, post-seismic slip, and after-slips are included in the damage analysis. He stated that a simple approach (that of HAZUS) is used to estimate the level of service after the earthquake. A linearized approach was presented to including lifeline interaction without performing a full system of systems analysis, which can be overly demanding in terms of data and analytical requirements. In the linearized model, up-stream lifelines are characterized and impairment is only propagated downstream. The overall loss to society caused by a loss of water service is estimated at $770 per customer per day of no water service. From the HayWired scenario, comparing the initial level of service on two sides of the Oakland/Berkeley Hills, 85% of customers east of the hills have water supply and 10% of customers west of the hills have water supply after the main shock. Having a fuel plan in place results in a resilience benefit of 200,000 service days less loss or restoration of water service 1 day sooner for the average customer, or $150 million in savings to society. 

Concluding his presentation, two issues were posed to the audience. The first is the issue of human agency. For example, how long will people tolerate dry taps before they will relocate? The second issue is a lack of understanding in what motivates and restrains utilities from making resilience investments and what influences the decision-making process. 

[bookmark: _Toc482028164]Model Validation: The Joplin Tornado Hindcast

Presenter: 	Dr. John van de Lindt, Distinguished Professor in Infrastructure, Co-Director of Center for Risk-Based Community Resilience Planning, Colorado State University

Dr. van de Lindt’s presentation focused on model validation through hindcasting of the Joplin tornado. The general outline of Dr. van de Lindt’s presentation was: an overview of the 2011 Joplin, Missouri tornado event, field study data collection and mapping, single sector validation focused on the electric power network and on the building sector individually, and multi-sector validation considering the electric power network and the building sector simultaneously. The presentation was concluded with a discussion of next steps and future solutions.

First, the demographics of Joplin including: geographic size, population, total retail sales per capita, median household income, travel time to work, gender, race/ethnicity, and age were covered. The tornado that struck Joplin on May 22, 2011 was an EF5 on the Enhanced Fujita scale and had multiple vortices. There were 161 fatalities, 1150 injuries, and monetary losses of $2.8 billion as a result of the event. Damage that occurred to critical infrastructure such as the water network, the communications network, and the electric power network, was presented.

Next, the field study, data collection, and mapping efforts were discussed. The high level mapping procedure involved syncing camera and GPS equipment, conducting a field study with GPS running, geo-locating photos, and creating a web map. Data collection consisted of 2,600 photographs, interviews with residents and builders, and 360° videos along streets in affected areas. Damage contours were derived from the geo-located photographs. Information on the recovery of buildings, housing, water, and electric power networks was also developed. Key impacts of the 2011 tornado include: more than 17,000 people were affected and 9,200 were displaced; five of 19 schools were totally destroyed; four additional schools were damaged or partially destroyed; and 4,200 of the 7,500 students in Joplin were displaced. Several mental health statistics were highlighted, including: a 40% increase in domestic violence, 10% increase in suicide, and an increase in the population experiencing mental health issues from 13,000 to 14,500. 

Key elements of the electric power network that are captured in the model include: transmission and distribution lines, substations, and transmission and distribution poles. To perform a damage analysis, fragility functions were used for each network component. The distribution of damage along a tornado path is based on statistics of all tornadoes on record in the U.S., with the probability of damage in each of the EF scales as a function of distance from the storm track. Using a simplified straight line path simulation technique, an average of 70 transmission towers and 3,446 distribution poles were modeled as damaged in the EF2 damage region. Using the actual track and damage path, an average of 113 transmission towers and 3,744 distribution poles were modeled as damaged in the EF2 damage region. This was compared to 135 transmission towers and 3,850 distribution poles actually damaged in the same area. 

Eighteen new fragility functions were developed for various structure types (e.g., single story residential with hip roof, strip mall, etc.). For each structure type, fragilities for each of four damage categories (e.g., slight, moderate, extensive, complete) are defined. To estimate the damage in the buildings, each building is converted to a point that maps back to various characteristics for the sake of data compression. Preliminary results were presented, where all buildings less than 5,000 square feet were randomly assumed to be one of five residential building types. Results from this scenario show 2,780 buildings in the EF3 region were modeled as heavily damaged or demolished, compared to 3,181 buildings that were actually heavily damaged or demolished in the same region. 

For multi-sector model validation using the electric power network and the building stock, the two systems can be overlaid within the model. This enables the model to determine which buildings have lost power and how long it will take for recovery. Within the model, resource units can be limited to replicate a post-event supply chain scenario. No results were presented for multi-sector validation, which was still in progress at the time of the workshop.

Concluding the presentation, several next steps for the Joplin Tornado Hindcast were identified, including: accurate fragility assignments to all buildings; coupling of buildings and the electric power network; inclusion of other physical infrastructure sectors and costs; one-way dependencies; and coupling of buildings with social demographics. 

[bookmark: _Toc482028165]Facilitated Discussion

Moderators: 	Dr. Elise Miller-Hooks, Professor and Chair in Infrastructure Engineering, George Mason University

Dr. Judith Mitrani-Reiser, Assistant Professor of Civil Engineering and Co-Director of Center for Systems Science and Engineering, Johns Hopkins University; Director of Disaster and Failure Studies, National Institute of Standards and Technology

Scribes: 	Dr. Maria Dillard, Research Social Scientist, National Institute of Standards and Technology

Dr. Steve Cauffman, Research Engineer, National Institute of Standards and Technology 

[bookmark: _Toc482028166]Modeling Challenges

The first two talks discussed the importance of performing exercises. Dr. Bruyère and Dr. Porter were asked to comment on the challenges they each overcame to get theoretical models into the hands of practitioners in a way that would be useful during these types of exercises. 

Dr. Bruyère’s top modeling challenge was related to developing a practical, useful, accurate, and simple tool that the off-shore oil industry could use to relate hurricane damages to insurance claim payouts. Dr. Porter’s top modeling challenge was focused on the water side of the model and obtaining the utility data necessary to create it. Utilities are concerned about data security, researchers issuing information that might cause unintended public response, unfavorable information being published, use of time (i.e., doing work that falls outside of normal job duties), and working with unfamiliar people or outsiders. Solutions to the challenges were identified as: involving the utilities in the peer review process and allowing the utilities to have approval rights of the model, non-disclosure agreements formed between the private consulting company and utility companies, incentives (tech transfer and ownership of research, free research on a topic of value to their industry, partnership with USGS), and developing on-going relationships with utilities.

[bookmark: _Toc482028167]Increased Resilience and Hardened Design

In his presentation, Dr. Porter presented a 1% increase in construction costs associated with a higher level of design. He was asked to comment on the feasibility of the 1% cost increase, how it may be generalized to different sized projects, and whether it is inclusive of fabrication and the uncertainty of performance. 

As further support for the figure, a previous NIST study was cited that looked at change from 1999 SBC to 2000 IBC and the resulting cost for 7 building types, where similar cost increases were seen. The 1% figure is the overall average increase in construction costs for society, and cannot be assumed to be uniform over all projects or buildings. An increase in strength may lead to other costs which are not included in the figure. 

The hardened design concept was further explored in a similar question. It is easy to pick a scenario and say spending 1% more to strengthen our infrastructure will result in less damage. The question was raised as to whether this is resilient design or not. Could it be that making something harder is less resilient because it takes longer to recover from an event? It was postulated that if the load is ignored and it is assumed that the system is going to fail, assessing how long recovery takes may allow different design choices to emerge other than hardening. 

There were mixed opinions among the panel members regarding this topic. One point of view was that an ounce of prevention really is worth a pound of cure. From this standpoint, the definition of resilience as faster recovery is seen as a false premise and strengthening is viewed as one of many pragmatic approaches for reduction of loss. On the other hand, it was acknowledged that a community is not always able or willing to design to the ultimate level. It should be evaluated what is absolutely necessary to harden and where something can be allowed to fail. Some current concepts do allow for damage and replacement of components after damage.

Dr. Porter closed his presentation with the question as to what drives investment in resilience and Dr. Bruyère mentioned a communication gap. Is it enough to provide more information (such as the resilience benefit for utilities or the 1% figure for developers) in order ensure more resilience actions and investments or are incentives a necessity? 

The panel was in agreement that incentives are a better driving force than only providing information or data showing the cost benefit of resilience. However, there are many more factors that affect resilience decisions than incentives. For example, organizations do not typically like to be the first to implement such measures. By following others, it helps them to understand practical decisions that had to be made in order to make the investment work. The National Institute of Building Sciences has issued a white paper on how to provide incentives to the private industry.

[bookmark: _Toc482028168]Comparison of Modeling Approaches

Dr. Porter was asked if the linear supply chain approach of lifeline interaction discussed in his presentation had been compared to or evaluated against a system of systems model. 

No system of systems analysis had been performed and therefore the differences that might exist between the two models could not be defined. Some interaction loops do exist in real processes, but they aren’t significant enough that it has caused significant pushback. The simplified approach was the only way that partners would participate, as the security concerns of the utility associated with providing detailed data for use with MaeViz were too overwhelming. Furthermore, HayWired’s program objectives would not allow for the scholarly investigation of benefits of each model type. This is the reason that makes the Centerville model such a great value. We can gain valuable insights without getting the detailed proprietary data. The work for HayWired was intended for decision makers and for providing value to stakeholders.

This research community deals with uncertainty regarding hazards and responses but it seems most of the quantification of uncertainty originates from simulation. The panel was asked to talk about the role of analytical approaches in dealing with uncertainty. 

Appropriate analytical approaches were identified, including: first order second moment treatment of uncertainty and moment matching. The IN-CORE modeling environment currently in development was also discussed. Analytical models play into this broader model through fragility development. The panel was in agreement that harder or more complex approaches to modeling are not necessarily better. It was argued that Monte Carlo simulation can provide better measures of uncertainty than moment matching, is relatively simple to implement, and is easily understood by end-users. Additionally, in Dr. Bruyère’s presentation, it was shown through comparisons of modeling approaches that the complex model did not yield better results than the simple model. 

[bookmark: _Toc482028169]Scenario Modeling

It was mentioned that stakeholders prefer a single scenario to design for and prepare for. How is uncertainty with a single scenario to be handled when making design decisions? 

The panel was in agreement that a scenario needs to be realistic so that users can wrap their heads around it, even if it differs dramatically from an actual event. A scenario is one realistic outcome that is worth planning for. End-users want a solid, tangible, well-accepted story and uncertainty often undermines this desire and ultimately leads to paralysis in decision-making. As a result, HayWired provides a realistic outcome, but no measures of uncertainty. Actual outcomes of the event may differ and this is acknowledged and communicated to the community of users. There are also on-going efforts of the NIST CoE in addressing scenarios by creating and providing an array of scenarios instead of a single scenario.

A follow-up question was raised regarding scenario development. Given that there is so much uncertainty around the impacts of a hazard, what is the decision-making process in designing a perfect scenario for a community? What are the key components of a table top exercise or scenario event given that there will be just one event and one impact scenario? 

The value of stakeholder input in scenario development was acknowledged by all panelists. It is important to have discussions initially help to determine the scenario design and to find out what people really want to know. A one in one million event is not usually a scenario that people want to plan for. Simple scenarios are used to create the uncertainty bounds and to present a final result. 

A final comment on the use of scenario modeling was presented to the panel for discussion. There are design criteria that communities are meant to be designing to. From the discussion, it sounds as if scenarios are being offered that might not be consistent with design scenarios. This has been a source of confusion in the past because communities didn’t really understand what they should be designing for and what they should be expecting.

The panel responded that there are people in the community who have the expertise to understand these differences. There is a mismatch between scenario and design criteria, and the building code illustrates this tension. Scenarios help to explain the distinction. Some people see design maps and shake maps and don't understand the distinction.

[bookmark: _Toc482028170]Model Complexity and Calibration

For the end-user driven projects, how much do they care about the complexity, accuracy, and precision of the models and how much would that change their decisions on the results of the models? Do the end-users care that the trend is towards more complex models? 

End-users seem to be less interested in complex models and more interested in high resolution data, fast running models, and solid measures of uncertainty. With increasing complexity, the opportunity for technology transfer decreases due to the inability of end-users to review and evaluate the model. The CoE is currently evaluating the level of complexity, aggregation, how uncertainty propagates through a system, and whether uncertainty is so high that decision support cannot be provided. 

As models increase in complexity, are they being calibrated? If so, how is the calibration being performed? 

No panelists were aware of current calibration capabilities. Future calibration exercises are planned for the Joplin Tornado Hindcast, to be performed after version 1. The calibration is intended to be systematically documented to reduce bias. NCAR has a wealth of expertise and knowledge to develop their theoretical models but has historically lacked data, in appropriate quality and quantity, needed for model calibration. 

[bookmark: _Toc482028171]Collaboration

Regarding the possibility of NCAR as a hub for software and data, Dr. Bruyère was asked if others would contribute to such a library? Would the library include individual pieces of software code or would it serve as a link to different code hosted elsewhere? How do you envision this software library? 

The preference by NCAR is for partners to share more than just a link to another website or tool, though there is awareness that not all partners may be willing to share all source code for tools. The software doesn’t necessarily have to reside at NCAR but could link back to another institution. The aim is for a seamless framework or environment that looks and behaves the same with all tools or models.

[bookmark: _Toc482028172]Common Themes and Key Points (Session 5)

The following themes and issues emerged from the presentations and discussion on case studies and validation:

· Data availability is a major challenge for realistic case studies and model validation. Solutions to obtaining utility system data include developing ongoing relationship with utilities, involving utilities in peer reviews, executing non-disclosure agreements, and incentives such as providing research or advice to utilities in exchange for data. Other solutions include the development of synthetic communities such as the Centerville model from which valuable insights can be gained without the need for detailed proprietary data.

· Model calibration and validation have significant room for growth. Calibration and validation are crucial if the models are to be used in the decision-making process. Comparisons are needed across models to understand the effects of model granularity and complexity. Simplifying assumptions and sensitivity studies, such as one-way coupling between systems and deterministic scenarios, can be used to develop simplified models and test the components of more rigorous and complex models.

· There is a potential disconnect between scenario-based modeling and probabilistic modeling and in the level of complexity desired by the research community and end-users. This can be addressed by developing an integrated set of rigorous probabilistic models for use by the research community and a more practical, scenario-based tool for community planners that provides realistic measures of uncertainty that have been derived from the research models.

· Communication and collaboration with stakeholders, the public, and amongst the research community should be improved and built upon. Better communication with stakeholders and the public can increase reception and implementation of resilience measures. 

· A common library to access data and models could facilitate collaboration and shed new light on critical questions of resilience. 
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Presenter: 	Nathaniel Forbes, Director, Forbes Calamity Prevention

[bookmark: _Toc482028174]Scenario Overview

Mr. Forbes ran a table-top exercise under the fictitious scenario of Hurricane Nat. The main objectives of this exercise were to demonstrate the importance of cooperation between public and private sectors in disaster preparation, response, and recovery, and to provide workshop participants with a small glimpse of the decision-making process. 

The Hurricane Nat scenario was loosely based upon Hurricane Matthew, which made landfall in South Carolina approximately two weeks prior to the conference. The setting of the scenario was on an island called the Republic of Resilia, which was said to be inaccessible by land, two hours by air from the nearest airport, and with a port big enough for only two ships. 

[bookmark: _Toc482028175]Participant Roles

Participants were assigned to one of five sectors common to any disaster: the private sector, the government, non-governmental organizations (NGO), survivors, and witnesses. The private sector was in control of many basic resources such as bottled water, portable electric generators, portable toilets, building supplies, fuel, and groceries. The private sector also included entities such as the news media, telecom providers, and the insurance industry. The government consisted of the roles of mayor, police, fire & rescue, hospitals, schools, public utilities, and a national disaster management agency. All government roles were seated at one table to facilitate inter-agency communication. NGO’s were able to address needs such as medical treatment, logistics, food distribution, shelter, disease management, and religious faith support. This table had the smallest number of people to simulate the relative proportion of relief workers to survivors and other responders. Each survivor exhibited one of eight common disaster consequences: broken leg, parents missing, spouse died, home damaged, home destroyed, restaurant damaged, lost pet, and undocumented immigrant with limited language capability. Finally, witnesses included anyone local or remote that was not directly affected by the event but was looking for information on it. Witnesses were to remain at their tables and had to get information delivered to them, as you would observing on a television or computer screen. No information was provided as to the roles of each table or other participants. 

[bookmark: _Toc482028176]Resources

Immediately following a disaster event, there often are not enough resources to meet the demand of the community. To simulate resource constraints, in the role descriptions, the quantities of supplies, maximum capacity of shelters and hospitals, etc. were limited or restricted in time. These restrictions ultimately forced those in NGO and government roles to turn away people in need, and further led to the private sector increasing prices as a response to increased demand and limited resources.

[bookmark: _Toc482028177]Post-Disaster Time Periods

Two post-event time periods were presented to participants. On Day 1 following the disaster consequences included no electricity, water, communications, sanitation infrastructure, or ground transportation. There were many injuries and deaths reported. Destroyed and damaged buildings led to many business closures. Both the airport and port were inoperable, further complicating relief and recovery. On Day 3, NGO’s were provided with enough supplies (tents, portable toilets, bottled water) for ten people, communications systems are back up, and the public water utility confirms Resilia’s water reservoir was contaminated. The community members are not satisfied with the level of relief and recovery and have begun to protest. Many community members are still injured, without electricity or water, and are missing pets. Each participant’s role description included expectations of their role corresponding to the amount of time that had passed after the disaster. For example, on the first day following the disaster, the Red Cross equivalent was instructed that they had only enough local, trained volunteer doctors and nurses to treat two survivors. 

Following each post-event time period, a group debriefing was performed where each person could report on their experiences in the various roles. Questions posed to the groups following the Day 1 Time Period included: What did survivors need and was it obtained? How many people came to NGO’s for help and was help able to be provided? Who came to the government and what did they want? Did the private sector have enough of what people wanted, how were resources allocated? It was following the Day 1 Time Period that participants were notified what sector each table represented and what resources or needs they had. Following the Day 3 Time Period, participants were able to recognize how far planning, knowledge, and practicing can go in a disaster scenario. 

[bookmark: _Toc482028178]Key Lessons

One key lesson participants were able to take away was that responses would have been more effective if communication had been better, faster, and clearer both before and during the event. Having no pre-disaster planning in place, no awareness of what societal needs and resources were or where they were concentrated, and no inclination as to what services would be available led to chaos on Day 1 following the disaster. After communication began, another key lesson regarding the importance of cooperation between public and private sectors was realized. The government realized the importance of private sector resources. The private sector was able to find a balance between commercial advantage and effective distribution of resources and assistance to those in need. 




[bookmark: _Toc482028179]Summary of Systems Modeling Needs and Challenges for Resilience Assessment

[bookmark: _Toc482028180]Overview of Systems Modeling for Community Resilience

The functioning, performance and well-being of communities relies upon increasingly interdependent infrastructure systems. Such interdependencies create the possibility for cascading failures which can have widespread negative impacts upon a community, such as loss of housing or utilities, outmigration, and business interruption. The development, improvement, and validation of integrated systems models for simulating physical, social, and economic systems in a community is critical in achieving the goal of improving community resilience for all hazards. Improved modeling methodologies assessing the performance, recovery, functionality, and dependencies of systems will better inform the planning, design, investment, and decision-making processes.

Throughout this workshop, common themes that emerged as critical areas for discussion and on-going work included: stakeholder input, data, standards and metrics, modeling improvements, validation, and collaboration. These areas, which attendees felt would significantly advance the area of systems modeling for resilience, are highlighted in the following section.

[bookmark: _Toc482028181]Desired Capabilities and Challenges

[bookmark: _Toc482028182]Stakeholder Input

Input from stakeholders (e.g., planners, managers, members of the community, owners/operators, builders, etc.) is critical in developing guidance and tools that will be needed for model development and identifying key criteria for the decision-making process. 

When developing a model, the needs and desires of stakeholders should be taken into account. This is a difficult task in itself, as stakeholders are often not in a position to define realistic needs and expectations prior to an event. One approach to this issue is engaging the stakeholders in an iterative process of communication following their initial responses and input, where stakeholders are presented with the results and consequences of various options to determine their preferences.

Due to the size, scale, and interdependencies of the physical, social, and economic systems being considered, many systems models can be complex. Determining what stakeholders need for decision-making might yield different needs regarding the complexity, scientific basis (e.g., empirical or physics-based), and granularity of the systems models. While a complex, high granularity, empirical or physics-based model may not readily support decision-making; such models do provide the foundation for higher-level models that do support decision-making. 

Further, the need for quantitative assessment of factors that influence the decision-making process was identified. It is not clear to many systems modelers what steps, formats, or processes are the best way to socialize community resilience issues with stakeholders and the general public. Identifying how to inform decision-making before, during, and after a hazard event, and determining how to quantitatively incorporate decision factors into systems models could improve evaluation of alternative community resilience measures. 

Another key issue regarding stakeholder input is how to communicate and incorporate uncertainty and risk. One current approach is to present stakeholders with a single (or ensemble of) real-world scenario(s) and associated consequences. This single scenario method does not communicate hazard uncertainty to stakeholders, but it does present an opportunity to simulate a variety of possible outcomes for a given hazard. Often though, stakeholders want to know how certain modelers are about the model results and projections. However, current methods of communicating uncertainty and risk (e.g., annual probability of hazard occurrence or failure) can lead to confusion or even dismissal of model projections. More effective ways to communicate uncertainty and risk to the stakeholders and to the public is an important issue that should involve collaboration between critical infrastructure modelers and social scientists. 

[bookmark: _Toc482028183]Data 

Accurate systems modeling techniques cannot be developed and validated without data. The first data challenge identified is defining what data is needed and whether specific data types, formats, and sources are available. For example, from a modeler’s perspective, a virtual city with all infrastructure system information and interdependencies known is an ideal case. For an actual city or community, such availability of data may not be feasible or even necessary for the decision-making process. It may be that common patterns (e.g., when do the patterns emerge, what patterns exist when systems are coupled, etc.) are more important to understand and model. The cleaning and sharing of metadata was posed as a possible solution to defining overarching patterns relevant to community resilience. 

Another important data issue is the temporal aspects of data collection and data sharing for system performance. Historically, temporal data has not been collected on the performance of many systems, or it is often at varying time scales or an inadequate resolution. Where data has been collected, it is often at an inadequate resolution. Furthermore, data is often not collected through the recovery and restoration phases. Evaluation of community resilience requires data on a time scale at a useful frequency both prior to and following hazards events up to 5 or 10 years. Improving the amount and quality of data is vital, as the lowest quality of data drives the overall quality of the analysis. 

In the U.S., high resolution data (e.g., electric power, healthcare, etc.) are restricted in their availability, which poses significant challenges to system modeling. Utilities have concerns about sharing their proprietary data that include security and competition issues. Proposed solutions to the challenges of accessing and utilizing secure data include involving the utilities in the peer review process, allowing the utilities to have approval rights of the model, non-disclosure agreements, and incentives. If the value of the data use for the community and their own systems can be presented, the stakeholders may see benefits for sharing their data.

There was also an on-going discussion at the workshop regarding data availability and whether some data must be shared. Tax money is often invested to develop strategic plans to confront risk and therefore data regarding community functioning are required. It was pointed out however, that compliance with data availability requirements does not necessarily guarantee the quality of the data will be acceptable. Some incentive for the data owners should be presented. 

[bookmark: _Toc482028184]Standards and Metrics

Standards and metrics would enhance the development and evaluation of systems modeling capabilities for community resilience. Current motivations for the selection of metrics include end-user objectives and data availability. Many indicators of community resilience were discussed during the workshop, including: population outmigration, time for repair, employment levels, household income, and tax revenue per person. These metrics are heavily dependent upon the community though, and may not always indicate recovery. For example, while outmigration might have a negative impact on a community functioning as a whole, individuals may be much better off in the long-term relocating than coming back to their community. Several examples from Hurricane Katrina were provided where a positive or negative metric actually implied the opposite. For example, income per person increased because many dislocated persons were from disadvantaged neighborhoods (e.g., income metric increased but populations did not return). A standardization of metrics that could be used across models and different communities would be valuable in comparing modeling capabilities and decision alternatives. 

In defining metrics of community resilience and recovery, the importance of a temporal definition was highlighted. Choices that are optimal on the first day following a disaster will likely become suboptimal over time. For example, it would be acceptable in the short-term to utilize a school gymnasium as a medical clinic immediately following a disaster if hospital facilities are overwhelmed or cannot be accessed. A proposed solution was to develop a weighting scheme over time for various recovery metrics. The metrics themselves as well as the time scales at which they might vary will likely be unique to each community. 

The importance of pre-event metrics in evaluating performance and recovery following a disaster event was discussed in the workshop. If no pre-event performance metrics are defined, it will be impossible to evaluate the post-event recovery. Advocacy groups often have the best idea of pre-event levels of performance for vulnerable populations, but it is difficult to obtain quantitative information. Ideally, the city manager will be able to give meaningful estimates based on implementing a resilience plan that was put together prior to the event. Metrics in the response phase may be similar to the pre-event phase.

Many metrics were discussed at the workshop, but the question still exists of how to appropriately combine the various measures to evaluate a system on multiple levels. Additional research is needed regarding the network analysis of how these metrics fit together. Communicating metrics to stakeholders and the public was also identified as an area for improvement. There is no consensus as to which metrics are the best to communicate to communities. Additionally, important metrics regarding capacity building are often neglected. 

From a modeling perspective, a key standardization that is needed is in the definition of resilience. There are several definitions of resilience and each will dramatically influence how models are created and what is put together. This workshop brings together international researchers and modelers of community resilience, yet many languages have no word for resilience.

[bookmark: _Toc482028185]Modeling Improvements

Throughout the workshop several presentations highlighted current capabilities of modeling individual systems or utilities (e.g., housing, water utility, electric, transportation, supply chain, education, etc.). A major challenge was identified as combining the various systems into a complete model. Handling the interdependencies is complicated by the intricate nature of the connections (e.g., between the social and technical systems) and also by the varying temporal and spatial scales of models. There is a need for a modular framework within a computational platform. This could potentially create an opportunity for the community to explore different modules and couplings of modules, which may ultimately provide guidance for modeler collaboration. Inherently, linking individual systems models to provide an overall picture of a community will result in an increase in the complexity of the model. Characterizing the model complexity, precision accuracy, and how the two affect one another, is necessary. 

Appropriately defining model boundaries was also highlighted as an area for improvement during the workshop. When modeling critical infrastructure in a community, it is not always clear how to determine the boundary for each system. The simplest method would be to base the boundaries on the geographical community boundary area, but this method still requires dealing with boundary conditions. If a model framework is being developed for decision-making, it could be customized to the local or even building level. This presented further boundary options such as school districts, jurisdiction boundaries, and ethical model boundaries. 

Several challenges to creating scalable models were identified. At the community scale, models require local knowledge of dependencies, while models at the state and national level can be useful with coarser data. It was pointed out that some models are scalable, but limits should be better defined as to where the scaling is applicable. Furthermore, the nature of some systems requires modeling at a specific levels. For example, the electrical transmission system must be solved as a whole at the regional level. The electrical distribution system, however, is more important for community level resilience. 

The temporal scale of resilience modeling and analysis in the scope of decision-making support was also stressed as an area for concentration and improvement. If the temporal scale of the event is ignored or misconstrued, an essential point of resilience (capacity building) will be absent from the models. If dynamic effects are not explicitly modeled, the capability to assess transient behavior and failure scenarios through other, more simplified, methods is necessary 

[bookmark: _Toc482028186]Validation

A critical area for improvement of systems modeling is in validation. Very little was discussed in the presentations or facilitated discussions regarding validation, indicating there is significant room for growth. Data that is used to validate models is often the same data that was used to create the model. Furthermore, the models that are being created are often extremely complex. If they are to be used for decision-making, it is crucial that the models are validated and the uncertainties are quantified. Once the models are deemed to be accurate and their potential errors are quantified, then the models can be refined and the uncertainties can be reduced. Proposed options for validating the models included stress tests (which are more common in the fields of banking and nuclear power generation), analytical approaches, and theoretical analyses. 

[bookmark: _Toc482028187]Collaboration

This workshop brought together researchers and modelers from around the world, highlighting an opportunity for further collaboration in the systems modeling community. Often, multiple research groups are unknowingly working towards similar goals, with little or no exchange of information or resources. This workshop is a step towards increased international collaboration, and several initiatives (e.g., at NCAR and Tsinghua University) are already underway to create reference toolboxes where users can contribute to and benefit from an exchange of knowledge and abilities.
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