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1.0 Scope of the d2dprov project 
Imagine that a coastal county finds itself at the start of a planning cycle to make the county “climate 
ready”.  These planners would greatly benefit from a fully traceable solution already implemented by 
another locality faced with similar socio-environmental challenges that can be used to bootstrap the 
local planning process.  Just as one could download open-source scientific code from GitHub, imagine 
the benefits of a fully traceable resilience workflow (i.e. “recipes” for resilience planning) that is 
captured as a knowledge graph and shared as an open resource.   That knowledge graph captures digital 
artifacts, or pointers to digital artifacts, including data, models, journal articles, integrated scientific 
assessments, applicable building codes, economic projections, risk assessment frameworks, formal 
decision-analysis, stakeholder priorities, and other relevant artifacts.  Because each artifact is assigned a 
unique identifier and semantically linked to other relevant bodies of knowledge, the planning team is 
empowered to follow lines of inquiries that may otherwise have been difficult if not for the possibility of 
knowledge graph traversals. 

The d2dprov (short for “data to decisions provenance”) project is aimed at assessing the technologies 
required to implement a “GitHub” for resilience planning as outlined above.  Figure 1 provides a high-
level overview of the project.   

This document outlines the vision for data-driven, science-informed, traceable resilience planning with 
an outlook to the year 2025 and beyond. 

 

Figure 1: Scope of the d2dprov project. 
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2.0 Context 

2.1 Resilience planning exemplar  

The state of New Jersey’s “Rebuild by Redesign – Hudson River Project” (henceforth referred to as the 
“Hudson River Project”) is used as an exemplar to contextualize the discussion in this document.  The 
Hudson River Project “convenes a mix of sectors - including government, business, non-profit, and 
community organizations - to gain a better understanding of how overlapping environmental and 
human-made vulnerabilities leave cities and regions at risk” (http://www.rebuildbydesign.org/about).  
As a response to Superstorm Sandy (2012), New Jersey received over US$200M in funding from the US 
Housing and Urban Development authority to implement flood mitigation measures for Hoboken, NJ, 
immediately across the river from downtown New York City.  Figure 2 shows an overview of the area of 
concern for the flood mitigation planning.  Figure 3 shows an example of a storm sewer system that may 
be incorporated as part of the flood mitigation strategy.  While a storm sewer system is considered 
“gray infrastructure” (i.e. built infrastructure) for severe weather mitigation, cities often consider “green 
infrastructure” strategies.  Figure 4 shows examples of green and gray infrastructure often considered 
for coastal resilience planning. 

 

Figure 2: Hoboken, NJ (New Jersey Department of Environmental Protection, 2017). 

  



Page 3 of 28 

 

Figure 3:Storm sewer system for flood mitigation (New Jersey Department of Environmental Protection, 2017). 

 

Figure 4: Examples of gray and green infrastructure strategies for coastal adaptation (Bloomberg, 2013). 
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2.2 Essential definitions  

Presidential Policy Directive 8 (PPD-8: March 30, 2011, President Obama) called for the creation of a 
series of integrated national planning frameworks covering prevention, protection, mitigation, response, 
and recovery.  This document focuses on “mitigation” activities as stipulated in PPD-8.  The approaches 
outlined in this document are equally applicable to the other PPD-8 frameworks including prevention, 
protection, response, and recovery.   

The terms “mitigation plans”, “resilience plans”, and “adaptation plans” are synonymous for the 
purpose of this document.  It is tempting to envision a plan as a self-contained singular document, like a 
single PDF file.  This is clearly not applicable because planning projects often result in a large collection 
of both machine- and human-readable digital artifacts, including narratives (e.g. journal publications, 
policy statements, administrative orders), data and model code.  Plans for a resilience project may 
therefore be described as a collection of digital artifacts.  Digital artifact access, storage, or 
representation are issues not addressed in this document. 

A resilience planning framework provides a tractable means to conceptually organize digital artifacts 
associated with a resilience planning project.  Such frameworks represent an abstracted causal model 
represented as logical steps that describe an ideal planning process.  As such, a resilience planning 
framework may be used to enforce a temporal structure on the artifacts associated with a resilience 
plan.  For this project, we focus on the US Climate Resilience Toolkit’s “Steps to Resilience” planning 
framework (Figure 5).  Examples of similar planning frameworks are provided in Section 4.2.  

 

Figure 5: US Climate Resilience Toolkit's "Steps to Resilience" planning framework.  
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3.0 Extreme weather, climate change, and resilience 
Local governments (e.g. state, tribal, county, city, local governments) increasingly carry the burden of 
implementing climate mitigation measures.  This is evidenced by initiatives like the Rockefeller’s 100 
Resilient Cities and “block grants” offered by the US Department of Housing and Urban Development for 
local governments to upgrade civil infrastructure.  The Hudson River Project (Section 2.1) was funded 
through a HUD block grant.   

However, designing mitigation strategies in a manner responsive to future forecasted environmental 
stresses is challenging.  Successful mitigation design depends on gaining access to a pool of human 
capital experienced in the complex choreography of climate resilience planning (see also Section 5.2.6 
“State of resilience planning in the United States”).   

3.1 Costs of being unprepared  

The Government Accountability Office (GAO), the investigative arm of Congress, started including 
climate change risk as a “high risk” to the nation starting 2013.  In the GAO’s bi-annual “High-risk Series” 
of report to Congress in 2017, the GAO noted that disaster relief appropriated by Congress for the 
period 2007 - 2013 was 46% higher than the period 2000 - 2006.  The GAO re-iterated its 
recommendation to enhance climate resilience as a way to manage the nation’s future fiscal exposure 
to the impacts of climate and weather impacts.   

NOAA NCEI released a tool at https://www.ncdc.noaa.gov/billions/ (URL valid as of 2018-09-
20T00:00:00Z) that depicts regularly updated snapshots of “weather and climate disaster events with 
losses exceeding $1 billion each across the United States” (Figure 6).   

 

Figure 6: Billion-dollar weather and climate disasters January - June 2018. 
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3.2 US policy relevant to resilience planning 

3.2.1 Presidential Policy Directive 8 

Presidential Policy Directives (PPD) have the force of Presidential Executive Orders, but are sanctioned 
by the White House’s National Security Council.  Presidential Policy Directive 8 (PPD-8) was issued on 
March 30, 2011 by President Obama.  The directive is: 

“aimed at strengthening the security and resilience of the United States through 
systematic preparation for the threats that pose the greatest risk to the security of 
the Nation, including acts of terrorism, cyber attacks, pandemics, and catastrophic 
natural disasters.”    

PPD-8 called for the creation of a series of integrated national planning frameworks covering 
prevention, protection, mitigation, response, and recovery.   

PPD-8 uses an “all-hazards” approach to preparedness, and defines “mitigation” as “capabilities 
necessary to reduce loss of life and property by lessening the impact of disasters”.  This document was 
written primarily with the “mitigation” focus as it relates to increasing resilience through adaptation by 
mitigating against hazards through the reduction of risk.   

The National Mitigation Framework established under PPD-8 describes seven core capabilities aimed at 
reducing loss of life and property from disasters.  These core capabilities are: community resilience, 
long-term vulnerability reduction, operational coordination, planning, public information and warning, 
risk and disaster resilience assessment, and threats and hazards identification.  Many of these 
capabilities align well with the overall objectives of the US Climate Resilience Toolkit (US CRT, 
administered by NOAA) established under Executive Order 13653.   

3.2.2 Executive Order 13653 

Executive Order (EO) 13653 “Preparing the United States for the Impacts of Climate Change” was 
enacted by President Obama’s administration on 2013-11-06, and revoked by the next Presidential 
administration on 2017-03-18.  EO-13653 § 1 stipulates (emphasis added): 

…the Federal Government will continue to support scientific research, observational 
capabilities, and assessments necessary to improve our understanding of and 
response to climate change and its impacts on the Nation. 

The Federal Government must build on recent progress and pursue new strategies to 
improve the Nation’s preparedness and resilience. In doing so, agencies should 
promote: (1) engaged and strong partnerships and information sharing at all levels 
of government; (2) risk-informed decisionmaking and the tools to facilitate it; (3) 
adaptive learning, in which experiences serve as opportunities to inform and 
adjust future actions; and (4) preparedness planning. 

  



Page 7 of 28 

Furthermore, EO-13653 § 4 stipulates (emphasis added): 

Providing Information, Data, and Tools for Climate Change Preparedness and 
Resilience. (a) In support of Federal, regional, State, local, tribal, private-sector and 
nonprofit-sector efforts to prepare for the impacts of climate change…. and any 
other agencies as recommended by the Council established in section 6 of this order, 
shall, supported by USGCRP, work together to develop and provide authoritative, 
easily accessible, usable, and timely data, information, and decision-support tools 
on climate preparedness and resilience. (b) As part of the broader open data policy, 
CEQ and OSTP, in collaboration with OMB and consistent with Executive Order 
13642 of May 9, 2013 (Making Open and Machine Readable the New Default for 
Government Information), shall oversee the establishment of a web-based portal on 
‘‘Data.gov’’ and work with agencies on identifying, developing, and integrating data 
and tools relevant to climate issues and decisionmaking. 

The US Climate Resilience Toolkit (US CRT) and the US Global Change Research Program’s (USGCRP) 
Global Change Information System (GCIS) serve to help fulfill the orders enacted in EO-13653.   

3.2.3 PREPARE Act of 2017  

The Preparedness and Risk Management for Extreme Weather Patterns Assuring Resilience and 
Effectiveness (PREPARE) Act of 2017 (House Resolution 4177, 115th Congress) was introduced by 
Congressman Cartwright (D-PA-8) calling for an interagency council to promote 

“the development of innovative, actionable, and accessible Federal extreme 
weather resilience, preparedness, and risk identification and management-related 
information, data, tools, and examples of successful actions at appropriate scales 
for decision makers”.   

In the explanatory report accompanying the legislative language, the US House of Representative’s 
Committee on Transportation and Infrastructure referred to findings from NOAA that estimated the 
total cost of damage caused by extreme weather for the United States and findings from the 
Government Accountability Office (see above). 

In the PREPARE bill, the term “extreme weather” includes: 

 observed or anticipated severe and unseasonable atmospheric conditions, including 
drought, wildfire, heavy precipitation, wave, high water, snowstorm, landslide, 
mudslide, hurricanes, tornadoes and other windstorms (including derechos), extreme 
heat, extreme cold, sustained temperatures or precipitation that deviate from 
historical averages 

In late 2018, the PREPARE Act of 2017 was subsumed into the Federal Aviation Authority’s 
Reauthorization Act of 2018 (House Resolution 4, 115th Congress), and passed by the House of 
Representatives.  Despite the House of Representatives passing the FAA Reauthorization 2018 bill out of 
its chamber, the final bill signed into law did not include the PREPARE Act.  The bill awaits further action 
under the 116th Congress.  
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3.3 ESIP’s role  

ESIP has supported activities relevant to PPD-8, EO-13653, and the PREPARE Act of 2017 by way of 
facilitating the following: 

• d2dprov project.   
• ESIP clusters: 

o Data to Decisions (inactive as of pre-determined sunset date of 2017-12-31) 
o Agriculture and Climate 
o Disaster Lifecycle 
o Community Resilience 

• The USGCRP’s GCIS and US CRT have been represented at ESIP meetings and promulgated their 
vision and objectives through ESIP plenary sessions and breakout sessions.  Figure 1 illustrates 
how the US CRT and GCIS formed the basis for many of the ideas presented in this document. 

• In June 2017, Congressman Cartwright’s office received official communication stating ESIP’s 
sanction of the PREPARE Act of 2017, given the relevance of the proposed legislation to the ESIP 
constituency.   

4.0 Conceptual Frameworks 
For the purposes of d2dprov, we subscribe to a distinction between (a) frameworks for assessing the 
socio-environmental landscape for a resilience planning project, and (b) frameworks for resilience 
planning.   

Resilience planning frameworks are inherently process-oriented: they denote a series of steps that 
resilience planners are encouraged to follow.  That process-orientation maps easily to workflow 
concepts, which the W3C PROV is designed to model.  Such planning frameworks may also be used in 
risk management communities of practice, even if they are not described as such during the term 
“resilience planning”.  There appears to be little overlap between persons identifying themselves as 
belonging to the risk management community versus the resilience planning communities.  
Nevertheless, there are similarities in concepts and approaches adopted by both communities that are 
highly applicable to resilience planning. 

Frameworks for assessing the socio-environmental landscape are often used extensively within a 
resilience planning project for “vulnerability / risk assessments”.  Such frameworks may be thought of as 
“embedded” within a resilience planning framework.  Examples of both types of frameworks are 
provided below.   

It is not hard to identify a small set of resilience planning frameworks that either (1) the community has 
identified as having gained widespread acceptance, and/or (2) funding agencies have identified as their 
preferred methodology and require that grantees utilize that methodology.  For any framework within 
this library of frameworks, the steps within that framework should be cross-walked to steps in other 
frameworks, so as to render these planning frameworks interoperable.  Ultimately, these cross-walk 
facilitates machine discovery of related resilience plans that have been created and described using 
different vocabularies.  See Section 6.2 “Searching and using the Resilience Genome repository”. 
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4.1 Frameworks for understanding the socio-environmental decision landscape for resilience 
planning 

4.1.1 Socio-ecological framework (one of many variants) 

 

Figure 7: Socio-ecological framework 
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4.1.2 Drivers, pressures, state, impact and response model of intervention (DPSIR) 

 

Figure 8: DPSIR framework 

4.1.3 Measurement framework for community resilience (Mueller, Spangler, & Alexander, 2013) 

 

Figure 9: Measurement framework for community resilience 
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4.2 Frameworks for resilience planning 

4.2.1 US Climate Resilience Toolkit’s “Steps to resilience” Framework mapped to Structured 
Decision Making  

The figure below is a combination of Figure 5 and a formal decision analysis method called “Structured 
Decision Making” (SDM).  SDM is described in Section 5.3 “Decision analysis for climate resilience”. 

 

Figure 10: US Climate Resilience Toolkit mapped to Structured Decision Making 
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4.2.3 USAID Climate-Resilient Development Framework 

 

Figure 11:  USAID climate-resilient development framework 

4.2.2  UKCIP risk framework 

The UKCIP was formerly known as the “UK Climate Impacts Programme”. 

 

Figure 12: UKCIP risk framework 
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5.0 Data-driven, science-informed solutions for resilience planning 

5.1 Demise of climate stationarity 

The demise of climate stationarity implies concomitant demise of statics solutions for climate resilience 
that are designed, implemented, and never re-evaluated again.  Socio-environmental systems evolve 
over time and space.  Natural and human “forcings” result in impacts to socio-environmental systems, 
which spur adaptation and mitigation responses, which in turn introduce feedbacks that interact with 
system stressors in non-linear and often unpredictable ways.  This is depicted in a high-level conceptual 
framework used by the US Global Change Research Program (USGCRP) in its design of the National 
Climate Assessment national climate change indicators (Figure 13).   

 

Figure 13: Conceptual model of the USGCRP indicator system (Kenney, Janetos, & Gerst, 2018) 

The frameworks presented in Section 4.1 “Frameworks for understanding the socio-environmental 
decision landscape for resilience planning” are also indicative of the cyclic forcings-feedback mechanism 
inherent in socio-environmental systems.  Readers may also be familiar with the Bretherton Diagram 
(Bretherton & others, 1988) that depicts a tightly coupled interconnected earth system where human 
and natural forcings and feedback interact in highly complex manners.   

The evolution of socio-environmental systems in this manner necessitates the incorporation of a 
monitoring and evaluation (M&E) component when the construction and maintenance/operations 
phases of resilience projects have lifetimes that span decades.  M&E facilitates adaptive management as 
the socio-environmental system evolves.  Adaptive management is the new operational norm given the 
likely increasing variability observed in climatic variables.   
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5.2 Data-driven, science-informed, traceable solutions 

5.2.1 Data to decisions pipeline 

An earlier version of Figure 14 (DOI: 10.6084/m9.figshare.1287369.v4) was first presented before 
President Obama’s Council of Advisors on Science and Technology (PCAST) in 2013 to demonstrate the 
role of informatics as the “pipeline” between data-intensive science and informed policies and decisions.      

 

Figure 14:  Schematic tracing the transformation of scientific data into decisions (Wee, 2018).   

A Hudson River Project mitigation plan (corresponding to the blue hexagon in the figure above labeled 
“Climate Adaptation”) that is demonstrably traceable to data and science would explicitly refer to 
model data that identifies flood-prone areas in Hoboken through the use of inundation models.  There is 
an emphasis on “demonstrably traceable”.  Just as reproducibility in science can be achieved via a 
sufficiently detailed documentation of analysis protocols and the ability to inspect intermediate work 
products (including data, code, and documentation), traceable decisions should similarly be 
reproducible.   

5.2.2 The inherent opacity of decisions: how do we document decisions in the first place? 

Decisions (e.g. the decision behind the flood mitigation strategy selected for the Hudson River Project) 
are ultimately executed in a decisionmaker’s head.  It is arguably impossible in many cases to document 
the neural pathways by which the decisionmaker arrived at a decision.  Similarly, deep learning 
techniques are not amendable for the derivation of an intuitive, human-understandable narrative about 
how and why the neural network outputs ended up that way (explanations of back-propagation 
schemes, the number of network layers, and neuron weight configurations are hardly intuitively 
appealing).  
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Reproducible science requires that research be described in sufficient detail for an independent party to 
replicate the work.  Just as scientists may have reservations against full transparency with their methods 
in a scientific publication, decisionmakers are often not willing or able to document their decision 
processes for a myriad of reasons, including political considerations, threat of legal exposure on grounds 
of liability, the excessive effort required to maintain detailed documentation, etc.  

Moreover, what constitutes a decision? 

Section 5.2.3 describes a type of decision that, under United States law, requires parties to justify and 
describe the basis of environmentally sensitive decisions to the public.  Section 5.2.4 describes a method 
from operational research and decision science that requires decisionmakers to explicitly model their 
decisions in a manner that is determined by data. 

5.2.3 Decision documentation under the National Environmental Policy Act 

A Record of Decision (ROD) is a document required under a number of federal regulations to fulfill the 
requirements of the National Environmental Policy Act of 1969 (as amended).  RODs are often made 
available for public comment, especially if such documents are drafted as part of an Environmental 
Impact Statement (EIS).   

A ROD nominally includes a list of alternative actions that can be used to fulfill a set of stated objectives.  
For example, the objectives could be related to “decrease the impacts of flooding”, with each alternative 
describing different ways to implement measures that minimize flooding.  The ROD needs to state which 
alternative was selected for implementation, with a justification for the decision.  There is no known 
requirement to demonstrate traceability in ROD decisions to scientific analyses.   

Figure 15 shows the contents page for the ROD for the Hudson River Project. 

 

Figure 15:  Hudson River Project Record of Decision 
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40 CFR § 1505.2 states that the ROD shall (emphasis added): 

(a) State what the decision was. 

(b) Identify all alternatives considered by the agency in reaching its decision, 
specifying the alternative or alternatives which were considered to be 
environmentally preferable. An agency may discuss preferences among alternatives 
based on relevant factors including economic and technical considerations and 
agency statutory missions. An agency shall identify and discuss all such factors 
including any essential considerations of national policy which were balanced by the 
agency in making its decision and state how those considerations entered into its 
decision. 

(c) State whether all practicable means to avoid or minimize environmental harm 
from the alternative selected have been adopted, and if not, why they were not. A 
monitoring and enforcement program shall be adopted and summarized where 
applicable for any mitigation. 

40 CFR § 1505.2(b) states that any preference analysis may include “economic and technical 
considerations”.  It is entirely feasible, and arguably the only means, for some of these “considerations” 
to be borne through technical analyses using observation and model data.  Although there is no 
requirement for the level of documentation required in a ROD to deem the document traceable to those 
technical analyses, this nevertheless presents an opportunity to examine what it takes to implement a 
fully traceable decision using science and data. 

The legal requirements related to RODs and the amount of resources invested in preparing such 
documents mean that the d2dprov project has a rich source of documents to select a case study that 
can be used to inform our technical requirements. 

The EPA used to hold a contest (up till FY 2004) to identify well written RODs. These previously identified 
RODs could be used to further inform the d2dprovenance project of the types of decisions that would 
benefit from traceability.  
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Kornyshova & Deneckère, 2012 proposed a Decision Making Ontology that reflects the types of 
information that is required to be captured in a ROD.  Their ontology is shown in Figure 16.  Locher & 
Costa, 2017 propose an alternate ontology called the Multi-Entity Bayesian Decision Graph Decision 
Ontology. 

 

Figure 16:  Decision Making Ontology (Kornyshova & Deneckère, 2012) 
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5.2.4 Incorporating data into decisions in a traceable manner using influence diagrams 

Figure 17 shows an influence diagram (a tool often used in formal decision analysis like Structured 
Decision Making: see Section 5.3) for a hypothetical data-driven, science-informed coastal resilience 
project that incorporates green and grey infrastructure.  The goal of modeling the decision as an 
influence diagram is to use model data to determine how stakeholder objectives (green nodes) can be 
accomplished via a slate of management options (gold nodes).   

In this example, stakeholders have identified two priority objectives of extreme weather mitigation:  to 
minimize damage to city infrastructure and to minimize salt-water intrusion into groundwater sources.  
There are various management options, that can be combined in varying degrees (corresponding to 
varying levels of capital investment), that can be combined to meet stakeholder objectives.  The degree 
to which the stakeholder objectives are met is determined by how the management options are 
combined.  A decision model incorporating an influence diagram like Figure 17 helps the decision maker 
arrive at a decision using model and observation data (pink nodes).   

 

Figure 17: Hypothetical influence diagram for coastal resilience decision analysis. 

5.2.5 Advantages of traceable climate resilience solutions 

As outlined above, our understanding of socio-environmental systems will evolve as these socio-
environmental impacts and stressors co-evolve.  Decisions will likely need to be re-assessed in light of 
new data and science.  When resilience building involves expensive, long-term capital investments in 
equipment and infrastructure, decisions almost invariably need to be revisited over time.   

For example, the design of flood mitigation structures for an area within a city may need to be modified 
as municipal land-use code changes the distribution and percentage of impervious surface.  That, 
combined with the demise of climate stationarity, increases the likelihood that there will be scenarios 
that have not been anticipated by planners when the plan was crafted. 
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Well-documented resilience plans that are traceable to data and science facilitates updates to mitigation 
plans using the most updated observation and model data that best characterizes the circumstances of 
that time.   

Moreover, climate mitigation planning at the state and local levels will very likely continued to be 
conducted in an era of increased financial austerity.  Traceable resilience solutions facilitate the sharing, 
reuse, and repurpose of resilience plans that are data-driven and science-informed.  See also Section 
5.3.2 “Integrating, managing, and disseminating decisions using SDM”. 

5.2.6 State of resilience planning in the United States 

At the time of writing, there appears to be extensive availability of web-accessible human-readable 
documents that correspond to the US CRT steps “Explore Climate Threats” and “Assess vulnerability and 
risks”.  There is however a paucity of resources for activities related to “Prioritize Actions” and “Taking 
Action”.  This pattern was also observed by Hansen et al., 2012 (Figure 18).  This is perhaps not 
surprising, given that actual steps taken to implement plans are likely to be costly.   

 

Figure 18:  State of resilience planning in the US (Hansen et al., 2012) 

This is not expected to change anytime soon.  Fully traceable resilience plans may facilitate data-driven 
and science-informed planning, but will unlikely lessen the need for trained human capital to 
understand and assess the precedent steps in the planning process in order to repurpose an existing 
traceable resilience plan. 

Hansen et al., 2012 point out that there is insufficient support for capacity building.  Wee & Piña, 2019 
made a similar point in the context of the “Resilience Genome Initiative” (see Section 6 “Long-term 
Vision”) by way of calling for the need to invest in “capacity building to foment a transdisciplinary 
community of Resilience Genome Engineers”.  Piña & Wee, 2018 further maintain that: 
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data is necessary, but not sufficient, to empower a generation of problem solvers 
poised to confront socio-environmental challenges related to agroecosystem 
sustainability.  What is needed, but has been largely absent, is a cadre of problem 
solvers who are transdisciplinary thinkers proficient in wrangling the multitude of 
resources available in the open digital commons. 

5.3 Decision analysis for climate resilience using Structured Decision Making (SDM) 

The concepts in the Kornyshova & Deneckère, 2012 ontology share similarities with a formal decision 
analysis method called Structured Decision Making (SDM) (Gregory et al., 2012).  Figure 5 shows the 
relationship between SDM and the US CRT’s “Steps to Resilience” planning framework.  The SDM 
methodology is replicated below as Figure 19. 

 

Figure 19:  A schematic of Structured Decision Making. 

5.3.1 Overview 

SDM provides a transparent framework to develop solutions for climate resilience challenges.  The 
method combines analytical methods from the decision sciences and applied ecology with insights 
drawn from cognitive psychology and the experience of facilitators and negotiators.  Incorporating data 
and statistics using SDM begins with a comprehensive understanding of the decision landscape (e.g., 
programmatic objectives, desired outcomes, possible implementation options, regulatory aspects of the 
decision) (see also Section 4.1 “Frameworks for understanding the socio-environmental decision 
landscape for resilience planning”). 

Stakeholders and decision-makers are critical to identifying and defining the decision landscape, and are 
actively involved throughout the decision process.  Stakeholders may also be seen as the custodians of 
values deemed paramount by the communities they represent.  There is an emphasis on clearly 
communicating judgments about costs, values, uncertainty, and decision risks.   

The values and preferences of stakeholders are made explicit and translated into decision objectives.  
Data and models are used (e.g. via an influence diagram in Figure 17) to quantify the effects of various 
implementation options.  Probabilistic consequence modeling can then be used for forward and 
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backward reasoning, sensitivity analyses used to identify influential variables, and value of information 
analyses used to address reducing sources of uncertainty. 

5.3.2 Integrating, managing, and disseminating decisions using SDM 

SDM was used for a “Coastal Community Resilience Planning and Decision Making” project in Dania 
Beach, Florida.  The project included quantitative assessments of how different combinations of 
environmental management options impacted objectives derived from stakeholder values and cost 
constraints.  That information was captured with a web-based SDM software that linked objectives, 
implementation options, performance measures, models, and data into a cohesive structure.  These 
deliverables may be easily assembled into an electronic "decision-management package". 

The increased emphasis on reproducibility, transparency, and traceability has changed the way science 
is done.  Publications are increasingly released with accompanying data and code, often freely web 
accessible.  The public would be well-served if the same paradigm is applied to climate resilience 
planning.  If a resilience plan is released with an accompanying electronic decision-management 
package ("Package") that can be archived and distributed, the decision-provenance (a formalized, 
canonical representation of how decisions are made) embedded in a Package enables a number of 
capabilities summarized in Figure 20. 

A decision-management package can also be conceptualized as a “Resilience Genome” in the specific 
instance where suck a package is used for climate resilience applications. 

 

Figure 20:  Decision Management Packages 
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6.0 Long-term Vision  

6.1 The Resilience Genome   

Just as an organismal genome encodes most of the “building instructions” of an organism, a Resilience 
Genome (Wee & Piña, 2019) encodes the information required to reconstruct a climate resilience plan 
(Figure 21).  A Resilience Genome contains the data-to-decisions provenance that enables the detailed 
planning steps to be recreated by connecting data, code, and information to decisions.  Calls for 
increased reproducibility in science attest to the importance of provenance.  A Resilience Genome 
accomplishes for decisionmakers what Jupyter Notebooks (that embed executable code and data within 
human-readable text) accomplishes for scientists.   

The Hudson River Project Resilience Genome would thus represent an end-to-end trace of the decision 
process, abstracted to a sufficiently high level that allows discovery and comparison of other Resilience 
Genomes.  A machine-readable version of the Hudson River Project Record of Decision (ROD) would 
include a Resilience Genome that encodes the decision components in the ROD, including:   

• the resilience approach that was ultimately selected,  
• the alternative approaches considered,  
• the criteria for selecting from amongst the alternatives,  
• “economic and technical considerations” (as per 40 CFR § 1505.2(b): see Section 5.2.3 “Decision 

documentation under the National Environmental Policy Act”) through models and data. 

Provenance must, however, be encoded in a machine-readable format to reap the benefits of machine-
assisted search and reasoning.  The US Global Change Research Program (USGCRP) demonstrated 
thought leadership by incorporating both human- and machine-readable provenance in its quadrennial 
national climate assessments (NCA) to establish traceability between an NCA scientific finding to 
supporting Digital Research Objects.  Human-readable provenance is captured in the NCA’s “traceable 
accounts”, while machine-readable provenance is captured in the Global Change Information System 
(Ma, Fox, Tilmes, Jacobs, & Waple, 2014; Tilmes, 2012). 

The Genome aims to extend that traceability into the vicinity of decisions that culminate from actions 
that are informed by scientific findings.   By aligning the Genome structure to resilience frameworks 
like the one used for the US Climate Resilience Toolkit (Figure 21, and see also Section 4.2 
“Frameworks for climate resilience planning”), we encode the entire data-to-decisions workflow:  from 
the data used to assess climate threats and vulnerabilities, to the publications that analyze climate 
impacts, to stakeholder values, and to the decision-science models that integrate the previous 
information to produce a numerically ranked set of climate adaptation options. 
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Figure 21: The Resilience Genome (Wee, 2019a). 
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6.2 Searching and using the Resilience Genome repository 

How does the resilience community use a shared Resilience Genome library that curates traceable 
resilience plans?  Bioinformaticians routinely run a target DNA sequence through a “DNA alignment 
tool” that searches a database for sequences that return a partial match.  The same capability, 
augmented with semantic technologies, could be used to search a Genome repository (Figure 22).   

Each Genome returned by the search engine comes replete with a full data-to-decisions provenance, 
including pointers to data, code, information, and decision models.  Adapted Genomes could be 
contributed back to the repository and appropriately curated by the community using existing practices 
for managing open code.  This process of selecting, modifying, and updating Resilience Genomes mirror 
“natural” evolutionary processes that lends an organic appeal to the way that the Genome is gradually 
shaped to meet societal needs. 

 

Figure 22:  Searching and using the Resilience Genome Library (Wee, 2019b). 
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6.3 Knowledge graphs  

Resilience Genomes may be implemented as knowledge graphs.   

Robust knowledge graph applications at the moment appear to be highly constrained to commercial 
enterprise applications with mature domain knowledge (e.g. customer service management).  We may 
however draw on ideas from Google Knowledge Graph and the graph-powered scientific literature tool 
iris.ai (Extance, 2018).  These technologies are proprietary, and may not be easily accessible to the 
research community. 

Rotmensch, Halpern, Tlimat, Horng, & Sontag, 2017 outline a clinical decision support for diagnosis 
where knowledge graphs are created from extracting concepts embedded in human-readable medical 
records.  A similar process may be envisioned where a Resilience Genome Assembler crawls and indexes 
repositories like the US Climate Resilience Toolkit and Records of Decision to generate knowledge 
graphs.   

An alternate representation of Figure 22 depicting the role of the Resilience Genome Assembler (i.e. 
concept extractor and knowledge graph generator) is shown in Figure 23. 
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Figure 23:  Resilience Genome Library query and update 
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