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S U M M A RY

In recent years, decision support modeling has embraced deliberation-withanalysis—an iterative process in which decisionmakers come together with experts to evaluate a
complex problem and alternative solutions in a scientifically rigorous and transparent manner. Simulation modeling supports decisionmaking throughout this process; visualizations enable decisionmakers to assess how proposed strategies stand up over time in uncertain conditions. But running these
simulation models over standard computers can be slow. This, in turn, can slow the entire decisionmaking process, interrupting valuable interaction between decisionmakers and analytics.
■

What if high-performance computers could deliver the analytics decisionmakers need in
near real time?

In November 2014, experts from the RAND Corporation and Lawrence Livermore National Laboratory (LLNL) conducted a one-day workshop to explore the impact of high-performance computing (HPC) on the use of Robust Decision Making (RDM) in support of stakeholder deliberations, in
particular those regarding resource management decisions. The workshop revisited work RAND
conducted on the Colorado River Basin in 2012 and was attended by decisionmakers involved in the
original study and others interested in advancing the state of the art in quantitative decision support. During the workshop, high-performance computers were used to stress test five new project
portfolios over about 12,000 alternative futures in 45 minutes—a process that would have taken six
weeks to complete using traditional computer clusters. This document summarizes workshop results
and the observations attendees made about the benefits and challenges associated with using HPC
in this context. When asked whether the use of HPC in such analyses as those performed for the
the Colorado River Basin Study would change their final decisions, three participants said that HPC
would have led them to choose a completely different strategy; six said that they would have chosen
a slightly different strategy; and the rest answered “don’t know.” The document also highlights possible ways forward to consider as technology continues to advance the speed of data processing.
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I NTRO DUCTI O N
In recent years, decision support modeling has embraced a
process called deliberation-with-analysis, an iterative process
that begins with participants to a decision working together to
define its objectives and other parameters, working with experts
to generate and interpret decision-relevant information, and
then revisiting the objectives and choices based on that information (National Research Council, 2009). This interactive
engagement approach has proved successful in many cases, such
as RAND’s support for the Louisiana Master Plan for a Sustainable Coast (Coastal Protection and Restoration Authority,
2012; Groves et al., 2014) and the U.S. Bureau of Reclamation’s
Colorado River Basin Water Supply and Demand Study (U.S.
Bureau of Reclamation, 2012; Groves, Fischbach, et al., 2013).
Deliberation-with-analysis aims to address the shortcomings of
the traditional approach, in which scientists and policy analysts
would build and run a simulation model and then provide
completed results to decisionmakers. Often, this disengaged
process would result in analysts answering questions different
from those of most interest to the decisionmakers.
Deliberation-with-analysis often proves particularly useful when a diverse group of decisionmakers faces a changing
decision environment and has goals and options that emerge
from discussion and collaboration. But in such cases, it can also
prove useful to run the simulation models many thousands to
millions of times to stress test participants’ proposed strategies
in the face of competing objectives and differing expectations
about the future. When informing the decision also involves
slow-running simulation models, as is often the case in complex
applications, such as water or flood risk management in the
face of climate change, this need for many runs of the simulation model can significantly slow down the valuable interaction
between decisionmakers and the analytic process. For instance,

What if high-performance
computers could
deliver the analytics
decisionmakers need in
near real time?

RAND’s work with the U.S. Bureau of Reclamation on the
Colorado Basin involved about a dozen workshops in which
decisionmakers debated model results and asked “what if”
questions. The time between workshops, about six weeks, was
largely driven by the time it took to run the bureau’s Colorado
River Basin simulation model over 23,000 plausible futures and
process the results on cluster computers administered by the
Bureau of Reclamation and RAND.
What if we could use HPC to close time gaps, enabling
decisionmakers to engage with one another, supported by
instantaneous access to customized analysis to guide their
deliberations?
RAND and LLNL tested this proposition during a unique
workshop. In November 2014, RAND experts partnered with
LLNL to explore with participants how HPC capabilities and
trends in big data analysis may be able to improve stakeholders’
participation in planning studies. Attendees included decisionmakers who had worked with RAND on the U.S. Bureau of
Reclamation’s 2012 Colorado River Basin Study and others
interested in advancing the state of the art in quantitative decision support. During the workshop, participants conducted one
iteration of a deliberation-with-analysis engagement, building
on the original basin study models and analysis but running
the models on a supercomputer. The workshop was designed
to examine the potential benefits of applying HPC to real-time
decision support, such as reducing the time between iterations,
expanding the range of options and futures considered, improving understanding, and facilitating agreement.
This document describes that workshop, summarizes workshop participants’ perceptions of the use of the new tool, and
looks toward the future by assessing how a deliberation-withanalysis framework, called Robust Decision Making (RDM),
may further harness and benefit from similar improvements in
HPC technology.

PR E VI OUS CO LO R AD O R IVE R BA SI N
STU DY
The workshop built on RAND’s previous work with the
Bureau of Reclamation in developing the 2012 basin study.
The Colorado River Basin provides an exceptional challenge
for water managers. It supplies water to more than 30 million
people in seven states, as well as 22 Native American tribes,
four national recreation areas, and 11 national parks. The river
supports billions of dollars in economic activity each year and
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irrigates 15 percent of all U.S. crops. And demand may only
grow; in 2012, for example, the demand for water in the Lower
Basin (California, Arizona, and Nevada) had already exceeded
the 7.5 million acre-feet volume allocated in the 1922 Colorado
River Compact, which is the legal document that determines
the allocation of water to the Upper Basin—Colorado, Utah,
Wyoming, and New Mexico—and the Lower Basin (U.S.
Bureau of Reclamation, 2012). These areas are highlighted in
Figure 1. Climate change, coupled with growing demand and
other uncertain factors, threatens the successful management of
the river.
The basin study used an iterative, quantitative decision support approach called RDM that was designed to improve decisions under conditions of deep uncertainty. Deep uncertainty
occurs when the parties to a decision do not know—or agree
on—the best model for relating actions to consequences or
the likelihood of future events (Lempert, Popper, and Bankes,
2003). The approach has been applied to such areas as flood
risk (Lempert et al., 2013; Fischbach, 2010) and water management (Lempert and Groves, 2010; Groves et al., 2008; Groves,
Bloom, et al., 2013) in situations where decisionmakers face
conditions of deep uncertainty.
RDM rests on a simple concept. Rather than using models,
data, and constraining assumptions to describe a best-estimate
future, RDM runs models using hundreds to thousands of
different sets of assumptions to describe how plans perform in
many plausible futures. The approach then uses statistics and
visualizations of the resulting large database of model runs to
help decisionmakers identify the future conditions under which
their plans will perform well and those under which the plans
will perform poorly. This information can help decisionmakers

Figure 1. Colorado River Basin Study Area

SOURCE: U.S. Bureau of Reclamation, 2012.

develop plans that are more robust to a wide range of future
conditions.
The 2012 Colorado River Basin Water Supply and
Demand Study used RDM to guide vulnerability and adaptation planning over a 50-year horizon. The study, supported

How Robust Decision Making Helps Decisionmakers Identify Strategies Together
Traditional decision support analytics often employ an agree-on-assumptions approach, in which all the parties to a decision are
asked to agree on a set of assumptions about the future before the analysis can then evaluate and compare the desirability of alternative decisions (Kalra et al., 2014). In contrast, RDM runs the analysis backward, using an agree-on-decisions approach. Analysts
begin with one or more strategies under consideration (often a current plan) and then, using potentially the same models and tools,
characterize a spectrum of the future conditions, including those in which a strategy fails to meet its goals (is vulnerable). This serves
as a stress test of strategies and helps decisionmakers identify “robust” strategies—those that perform reasonably well regardless
of what the future brings—and identify the key trade-offs among potential robust strategies. Often, the robust strategies RDM identifies are adaptive, designed to evolve over time in response to new information (Lempert, Popper, and Bankes, 2003; Lempert and
Groves, 2010). By embracing many plausible futures, RDM can help reduce overconfidence and the deleterious impacts of surprise,
can systematically include imprecise information in the analysis, and can help decisionmakers and stakeholders with differing expectations about the future nonetheless reach consensus on action (Lempert and Popper, 2005; Groves and Lempert, 2007; H
 allegatte
et al., 2012). But the approach requires many thousands of model runs, and an analysis can in some cases take many hours to weeks.
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by the U.S. Bureau of Reclamation and Colorado River Basin
states, evaluated future conditions under about 23,000 different futures that each reflected different water needs and climate
changes and identified almost 100 different options to reduce
supply-and-demand imbalance.
That study provided the first comprehensive look at the
vulnerabilities of the Colorado River Basin system to climate
change and increasing water needs in the region. Specifically, it
identified the key hydrologic conditions under which the Lower
Basin and Upper Basin users would experience shortages without additional supplies or demand reduction. For the Lower
Basin, these included both conditions similar to those of the
recent past and drier conditions. The study also evaluated four
portfolios of water management options to reduce the vulnerabilities. By evaluating each portfolio across the 23,000 futures,
the study identified the low-regret, high-priority options and
the key trade-offs among the strategies.
RDM, by design, offsets miscommunication by supporting
interaction between decisionmakers and the scientific analysis
process; researchers do not simply pass data on to decisionmakers but instead support a deliberation-with-analysis engagement
method. The basin study consisted of a series of monthly meetings in which stakeholders debated implications of previous
model runs and raised questions that would take new runs to
answer.

minutes, then each submitted a file with its proposed portfolio
to the workshop organizers.
The organizers then sent these files to one of LLNL’s supercomputers, which had been reserved for this purpose only for
one hour. The supercomputer, “Cab” (LLNL, 2014), is relatively modest by today’s standards, with just over 21,000 cores
on 1,300 nodes. This supercomputer ran each proposed river
management strategy over about 12,000 alternative futures, for
a total of 60,000 runs. These calculations, which would have
taken about six weeks on the computers used for the original
basin study, were completed in about 45 minutes. Each node of
Cab ran one instance of the RiverWare-based Colorado River
Simulation System model (Zagona et al., 2001; Center for
Advanced Decision Support for Water and Environmental Systems, 2015) under Wine (Wine Project, 2015), a Windows compatibility layer. The jobs were managed across Cab’s resources
with a custom script, written in Python. The outputs of this
enormous number of runs were collected and processed using a
natively parallel program, written in R, developed by RAND.
The workshop organizers then spent about 45 minutes organizing the resulting data into preprepared visualization packages.
The visualizations evaluated and compared the vulnerabilities
of the strategies each group had proposed, showing the types of
futures in which the proposed strategy met its goals and the key
characteristics of futures in which the strategy failed to meet
its goals. During the short time in which all the simulations

WO R KSH O P PRO C ESS
Building on the original basin study, RAND and LLNL
teamed up with stakeholders for a workshop to take advantage
of LLNL’s HPC power and respond to some of the questions
raised. The day-long workshop followed the basic structure of a
deliberation-with-analysis RDM study, as shown in Figure 2.
Participants gathered in the morning at the High Performance Computing Innovation Center at LLNL in Livermore,
California. After some introductory briefings, they were
divided into five planning groups, each tasked to develop a
proposed management strategy for the river. The groups were
asked to represent the following five different interests: Upper
Basin, Lower Basin, Southern California, nongovernmental
organizations, and Mexico. The groups were given a decision
support planning tool, shown in Figure 3, that allowed them
to specify attributes, such as reliability, environmental protection, and cost, and to construct a portfolio of actions meeting
these objectives. The groups worked independently for about 90

Figure 2. Deliberation-with-Analysis via Robust
Decision Making
Deliberation
Planning team and
stakeholders

Interactive
visualizations
and other decision
relevant information

“What if”
questions
Analysis
Simulations and
planning tool
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Figure 3. Example of Workshop Support Planning Tool

Define Group Portfolio
Instructions: Set option characteristic requirements for inclusion in portfolio.
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A, B, C, D, E
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A, B, C, D, E
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Filters and Screens
Modeled in CRSS?
Yes
Mutually Exclusive: Front Range
Exclude Import-Front Range-Mississippi
Cost Filter ($/AF) (user defined)
5,000

Portfolio: User Portfolio

Environmental

Technical

Option Type
Agricultural Conservation
Desalination
Import
Local Supply
M & I Conservation
Reuse
Watershed Management

and analyses were performed, workshop participants enjoyed
sandwiches and heard a lunchtime speaker.
The workshop participants were then shown the results
of the vulnerability analyses for each of their strategies. For
example, Figure 4 shows the trade-off between the cost of seven
portfolios—two of the basin study portfolios and the five from
the workshop participants—and their ability to reduce vulnerability in the Lower Basin. Note that the five new portfolios
provided results that represent different balances between costs
and vulnerabilities.
Figure 5 shows for one of the five new portfolios, the lowregret, high-priority options—those that are needed in more

Watershed-Weather Mod1 <50 $/AF
<50 $/AF
Watershed-Weather Mod2
<50 $/AF
Watershed-Weather Mod3
<50 $/AF
Watershed-Weather Mod4
Watershed-Dust1
200 $/AF
Ag Cons-Transfer1 300 $/AF
400 $/AF
Ag Cons-Transfer2
400 $/AF
Watershed-Tamarisk
Ag Cons-Transfer3
500 $/AF
M & I Conservation 1 500 $/AF
Watershed-Dust2
500 $/AF
Ag Cons-Transfer4
600 $/AF
600 $/AF
Desal-Yuma
700 $/AF
M & I Conservation 2
800 $/AF
Ag Cons-Transfer5
800 $/AF
Desal-SoCal groundwater
M & I Conservation 3
800 $/AF
900 $/AF
M & I Conservation 4
900 $/AF
M & I Conservation 5
1,000 $/AF
Desal-Salton Sea1
1,200 $/AF
Desal-Salton Sea2
1,300 $/AF
Desal-Salton Sea3
1,500 $/AF
Desal-Pacific Ocean-MX
Reuse-Municipal1
1,500 $/AF
1,600 $/AF
Reuse-Municipal2
1,700 $/AF
Import-Front Range-Missouri
Reuse-Municipal3
1,800 $/AF
1,800 $/AF
Reuse-Municipal4
1,800 $/AF
Reuse-Municipal5
1,900 $/AF
Desal-Pacific Ocean1
1,900 $/AF
Desal-Pacific Ocean2
Desal-Pacific Ocean3
1,900 $/AF
2,000 $/AF
Local-Coalbed Methane
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40

50

60

Timing years (user portfolio)

than 75 percent of futures and those that are needed within five
years of being available.
This graphic shows that many options, such as conservation, wastewater reuse, and desalination of the Salton Sea,
must be implemented as soon as they are available in order
to address system imbalances in most of the 23,000 futures
considered. Informed by such visualizations, participants
were able to debate the strengths and weaknesses of the
proposed strategies, the extent to which they performed as
expected, the extent to which they met common goals or
pursued conflicting objectives, and how strategies might be
made more robust.
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Percentage of Lower Basin vulnerability

Figure 4. Trade-Offs Between Cost and Lower Basin Vulnerability for
Two Portfolios from the Basin Study and Five from the Workshop
Portfolio
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Nongovernmental
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Total annual cost in 2060 ($B, 2012)
NOTE: The results for each portfolio show the range in costs (horizontal axis) required to
reduce vulnerability to the level shown on the vertical axis.

Figure 5. Low-Regret, High-Priority Options for the Lower Basin
Portfolio
Lower Basin—Low Historical Supply
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10
9
8

Local: Rain
Reuse: Grey water

Desalination:
Gulf of California

7
6

Desalination:
Yuma
Reuse: Industrial

Watershed: Weather mod

5
Watershed:
Dust control

4
3

Watershed: Brush control

Desalination:
Pacific Ocean
(California)

Agricultural conservation
with transfers

Desalination: Salton Sea

2
1
0

Desalination:
Groundwater

Reuse: Municipal

50

55

60

65

70

75

80

85

90

M&I
conservation

95

100

Percentage traces implemented
NOTE: The results for each portfolio are expressed in terms of the percentage of traces
in which the option is implemented (horizontal axis) and the minimum delay (in years) in
which each option is implemented (vertical axis). The delay is the difference between the
year in which an option is implemented in each simulation and the year in which an option
is available for implementation.
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WO R KSH O P R ESU LTS
The workshop experience led many participants to suggest
that HPC could significantly improve their ability to manage
complex systems in the face of uncertain future conditions. At
the end of the workshop, we administered a survey and then
engaged participants in a structured discussion to evaluate what
they learned, liked, and disliked. The survey asked participants
to rank 17 potential attributes of the exercise on a scale from 1
to 5, with 5 being the most positive. The attributes are listed on
the left in Figure 6. Participants were also given an opportunity
to write comments on the surveys. Overall, participants ranked
the impact of HPC favorably for all the attributes.
Participants judged that HPC would definitely shorten
wait times; lead them to request more analysis; consider more
strategies, futures, and trade-offs; and facilitate communication. Participants found HPC less valuable for helping collect
more information, improve understanding, improve confidence
in results, encourage compromise among participants, and lead
to the repetition of fewer tasks.
Regarding its potential to improve the process of deliberation with analysis, one participant remarked that, “HPC could
prove to be foundational in integrating, aligning, and bringing
together engineers, planners, policy/decision makers, and stakeholders.” As one key goal, decision support endeavors to expand
the range of contingencies and options that decisionmakers
consider. Workshop participants found that HPC could foster
such goals by “enabling a broader spectrum of alternatives to
be evaluated in more transparent and expansive ways” and by
“increasing the speed of analysis and the number of dimensions
and scenarios that can be explored.” Participants also suggested
that the ability to conduct the analysis on the spot might help
solidify consensus in a workshop by answering questions before
participants could return to their offices and backtrack on their
agreements.
When asked whether the use of HPC in analyses, such
as the basin study, would change their final decision, three
participants said that HPC would have led them to choose a
completely different strategy; six said that they would have
chosen a slightly different strategy; and the rest answered “don’t
know.” Of those who reported HPC could have an effect, one
suggested that the capability “allows the direct consideration
of adaptive strategies in a way that was previously infeasible.”
Another offered that HPC “allows us to consider a more robust

Figure 6. Workshop Participant Survey Response

Shorten wait

Max

Min

Request more
analysis
Consider more
strategies

Average

Consider trade-offs
Facilitate
communication
Consider more
futures
Accelerate inputs
Ease logistics
Improve
satisfaction
Other perspectives
Improve confidence
in decision
Improve satisfaction
in decision
Collect additional
information
Improve
understanding
Improve confidence
in results
Encourage
compromise
Fewer repeat tasks
1

2

3

4

5

Rating

final strategy with a clearer understanding of the trade-offs
involved among strategies.”
Participants also mentioned obstacles that could prevent
HPC from providing these benefits. Most frequently, participants expressed concern about the potential cost. There was
also concern about securing the kind of expertise and time
needed for configuring the simulation models and conducting
the runs.
Overall, some participants thought HPC offered great
potential. “It opens up a new frontier of possibilities,” said one.
“Access to such resources would have a transformative effect
on the ability to use simulation modeling to support long-term
planning under uncertainty,” offered another.
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TH E FUTU R E O F H I G H - PE R FO R M AN C E
COM PUTI N G AN D R ESO U RC E
PL AN N I N G

“It opens up a
new frontier of
possibilities.”
—Workshop participant on
the use of HPC for resource
management decisionmaking

The workshop demonstration foreshadowed a mode of planning
for water and other natural resources in which analytics provide
support in real time. No longer will planners need to wait for
answers about what would happen under different management
choices. This shift from discrete periods of analysis and discussion to more fluid deliberation with analysis can dramatically
improve the planning process by better understanding tradeoffs through consideration of more options, which can, in turn,
lead to better agreements on how to move forward.
Getting to this vision will take some effort, but not too
much. Simulation models in some cases may need to be modified to run on high-performance computers. Analysis will
need to be scripted and compiled to run on high-performance
computers as well. However, with high-speed Internet connecting the world’s institutions, water planners can continue to hold
their planning workshops in their own local facilities, while
partnering with providers of high-speed computing to execute
the simulations in real time.
The planning challenges that water and natural resource
planners face are only getting greater. Solving these problems
will require stakeholders and decisionmakers to come together
to consider a wide range of plausible futures and grapple with
difficult trade-offs. The use of HPC via a deliberation-withanalysis approach to planning can help ensure that the analytics support, rather than limit, the process.

9

References
Center for Advanced Decision Support for Water and Environmental
Systems, “RiverWare,” web page, 2015. As of January 22, 2015:
http://cadswes.colorado.edu/creative-works/riverware
Coastal Protection and Restoration Authority, “Louisiana’s
Comprehensive Master Plan for a Sustainable Coast,” Baton Rouge,
La., 2012. As of January 22, 2015:
http://coastal.la.gov/a-common-vision/2012-coastal-master-plan/
Fischbach, Jordan R., “Managing New Orleans Flood Risk in
an Uncertain Future Using Non-Structural Risk Mitigation,”
dissertation, Santa Monica, Calif.: Pardee RAND Graduate School,
RGSD-262, 2010. As of January 22, 2015:
http://www.rand.org/pubs/rgs_dissertations/RGSD262.html
Groves, David G., Evan Bloom, David R. Johnson, David Yates, and
Vishal Mehtam, Addressing Climate Change in Local Water Agency
Plans: Demonstrating a Simplified Robust Decision Making Approach
in the California Sierra Foothills, Santa Monica, Calif.: RAND
Corporation, RR-491-CEC, 2013. As of January 22, 2015:
http://www.rand.org/pubs/research_reports/RR491.html
Groves, David G., Martha Davis, Robert Wilkinson, and Robert
J. Lempert, “Planning for Climate Change in the Inland Empire,”
Water Resources IMPACT, Vol. 10, No. 4, July 2008, pp. 14–17.
Groves, David G., Jordan R. Fischbach, Evan Bloom, Debra
Knopman, and Ryan Keefe, Adapting to a Changing Colorado
River: Making Future Water Deliveries More Reliable Through Robust
Management Strategies, Santa Monica, Calif.: RAND Corporation,
RR-242-BOR, 2013. As of January 22, 2015:
http://www.rand.org/pubs/research_reports/RR242.html
Groves, David G., Jordan R. Fischbach, Debra Knopman, David
R. Johnson, and Kate Giglio, Strengthening Coastal Planning: How
Coastal Regions Could Benefit from Louisiana’s Planning and Analysis
Framework, Santa Monica, Calif.: RAND Corporation, RR-437-RC,
2014. As of January 22, 2015:
http://www.rand.org/pubs/research_reports/RR437.html
Groves, David G., and Robert J. Lempert, “A New Analytic Method
for Finding Policy-Relevant Scenarios,” Global Environmental Change,
Vol. 17, No. 1, February 2007, pp. 73–85.
Hallegatte, Stéphane, Ankur Shah, Robert Lempert, Casey Brown,
and Stuart Gill, “Investment Decision Making Under Deep
Uncertainty: Application to Climate Change,” Washington, D.C.:
World Bank, September 2012. As of January 22, 2015:
http://elibrary.worldbank.org/doi/pdf/10.1596/1813-9450-6193
Kalra, Nidhi, Stéphane Hallegatte, Robert Lempert, Casey Brown,
Adrian Fozzard, Stuart Gill, and Ankur Shah, “Agreeing on Robust
Decisions: New Processes for Decision Making Under Deep
Uncertainty,” Washington, D.C.: World Bank, June 2014. As of
January 22, 2015: http://www-wds.worldbank.org/external/default/
WDSContentServer/IW3P/IB/2014/06/04/000158349_2014060410
2709/Rendered/PDF/WPS6906.pdf

Lawrence Livermore National Laboratory, “Cab,” web page, 2014. As
of January 22, 2015: http://computation.llnl.gov/computers/cab
Lempert, Robert J., and Steven W. Popper, “High-Performance
Government in an Uncertain World,” in Robert Klitgaard and Paul
C. Light, eds., High Performance Government: Structure, Leadership,
and Incentives, Santa Monica, Calif.: RAND Corporation, MG-256PRGS, 2005, pp. 113–135. As of January 22, 2015:
http://www.rand.org/pubs/monographs/MG256.html
Lempert, Robert J., Steven W. Popper, and Steven C. Bankes, Shaping
the Next One Hundred Years: New Methods for Quantitative, LongTerm Policy Analysis, Santa Monica, Calif.: RAND Corporation,
MR-1626-RPC, 2003. As of January 22, 2015:
http://www.rand.org/pubs/monograph_reports/MR1626.html
Lempert, Robert J., and David G. Groves, “Identifying and
Evaluating Robust Adaptive Policy Responses to Climate Change for
Water Management Agencies in the American West,” Technological
Forecasting and Social Change, Vol. 77, No. 6, July 2010, pp. 960–974.
Lempert, Robert J., Nidhi Kalra, Suzanne Peyraud, Zhimin Mao,
Sinh Bach Tan, Dean Cira, and Alexander Lotsch, “Ensuring Robust
Flood Risk Management in Ho Chi Minh City,” Washington, D.C.:
World Bank, May 2013.
LLNL—See Lawrence Livermore National Laboratory.
National Research Council, Informing Decisions in a Changing
Climate, Washington, D.C.: National Academies Press, 2009. As of
January 22, 2015: http://www.nap.edu/catalog.php?record_id=12626
U.S. Bureau of Reclamation, Colorado River Basin Water Supply and
Demand Study: Study Report, Boulder City, Nev.: U.S. Department of
the Interior, December 2012. As of January 22, 2015:
http://www.usbr.gov/lc/region/programs/crbstudy/finalreport/
Study Report/StudyReport_FINAL_Dec2012.pdf
Wine Project, “About Wine,” web page, 2015. As of January 22, 2015:
https://www.winehq.org/about
Zagona, Edith A., Terrance J. Fulp, Richard Shane, Timothy Magee,
and H. Morgan Goranflo, “RiverWare: A Generalized Tool for
Complex Reservoir System Modeling,” Journal of the American Water
Resources Association, Vol. 37, No. 4, 2001, pp. 913–929.

10

About the Authors

David G. Groves
David Groves is codirector of the RAND Water and Climate Resilience Center, a senior policy researcher at the RAND Corporation, and a professor at the Pardee RAND Graduate School. He specializes in improving the long-term planning and decisionmaking of natural resource planning agencies through the application of exploratory modeling and Robust Decision Making methods.
Groves has worked with water agencies throughout the United States, including the U.S. Bureau of Reclamation, California
Department of Water Resources, and the Metropolitan Water District of Southern California, helping them to address climate
change in their long-term plans. He leads a RAND team that developed the planning framework and decision support tool for the
Louisiana Coastal Protection Restoration Authority’s recent 50-year, $50 billion, Comprehensive Master Plan for a Sustainable
Coast.
In 2007, he received RAND’s Silver Medal Award for his work with the U.S. Army Corps of Engineers, helping to improve
the treatment of risk and uncertainty in their long-term planning studies. In 2009, he received RAND’s Gold Medal Award for his
work on water resources planning. In 2012, he received RAND’s President’s Choice Award for his work helping develop Louisiana’s
Comprehensive Master Plan. Groves received his Ph.D. in policy analysis from the Pardee RAND Graduate School.

Robert J. Lempert
Robert Lempert is a senior scientist at the RAND Corporation and director of the Frederick S. Pardee Center for Longer Range
Global Policy and the Future Human Condition. His research focuses on decisionmaking under conditions of deep uncertainty,
with an emphasis on climate change, energy, and the environment. Lempert and his research team assist a number of natural
resource agencies in their efforts to include climate change in their long-range plans. He has also led studies on national security
strategies and science and technology investment strategies for such clients as the White House Office of Science and Technology
Policy.
Lempert is a fellow of the American Physical Society, a member of the Council on Foreign Relations, a member of the U.S.
National Academy of Sciences Panel on Assessing the Impact of Climate Change on Political and Social Stresses, and a lead author
for Working Group II of the United Nation’s Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report and
for the IPCC Special Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation.
Lempert was the Inaugural EADS Distinguished Visitor in Energy and Environment at the American Academy in Berlin.
A professor of policy analysis in the Pardee RAND Graduate School, Lempert is an author of the book Shaping the Next One
Hundred Years: New Methods for Quantitative, Longer-Term Policy Analysis. Lempert received his Ph.D. in applied physics and S.M.
in applied physics and science policy from Harvard University.

Deborah W. May
Deborah May is the Deputy for Lawrence Livermore National Laboratory’s Intelligence Program. She joined the laboratory as
a computer scientist in 1998, and joined the Information Operations and Analytics Program in 2001 to work on cybersecurity
research and development. There, she contributed to both software development projects and analytic products for multiple sponsors and led the Network Exploitation Program for several years as the Associate Program Leader. While at LLNL, May also worked
in the High Performance Computing Innovation Center in the Livermore Valley Open Campus, forming strategic HPC-centric
partnerships between LLNL and the private sector. May received her M.S. in computer science from University of California,
Davis.

11

James R. Leek
James Leek is a computer scientist at Lawrence Livermore National Laboratory. Leek specializes in parallel computation and has
worked on cooperative multiple program, multiple data (MPMD) parallelism, parallel discrete events simulation (PDES), and
ensemble simulations for uncertainty quantification. In 2006, Leek received an R&D 100 award for his work on Babel, a highperformance language interoperability tool. He received his M.S. in computer science from the University of California, Davis.

James Syme
James Syme is a project associate at RAND who provides research and analytical support for a wide array of projects that focus on
guiding policymakers to understand decisions made under deep uncertainty. Syme primarily engages in building, adapting, and
running models for analysis in spaces of uncertainty with a specific focus on water, climate change, and environmental policy questions. He received his M.S. in applied mathematics from the University of Colorado Denver in 2014.

Acknowledgments
The authors would like to thank Alan Butler of the Bureau of Reclamation, Lower Colorado Region, for the use of the Colorado
River Simulation System model and Edith Zagona of University of Colorado Center for Advanced Decision Support for Water and
Environmental Systems for assistance with implementing the RiverWare software on the high-performance computing facilities
at LLNL. We greatly appreciate the financial and organizational support from Edward Balkovich of RAND and Fred Streitz of
LLNL. Last, we would like to thank Min Gong of RAND for her help developing and analyzing the survey results; Kate Giglio of
RAND for her help producing this document; and A. J. Simon and Benjamin Grover of LLNL for their assistance completing this
report.

About This Report
This research is the result of a collaboration between the High Performance Computing Innovation Center (HPCIC) at
Lawrence Livermore National Laboratory (LLNL) and the RAND Infrastructure Resilience and Environmental Policy Program,
and is a part of the LLNL/RAND Partnership for Computational Policy Analysis, which pairs advanced computing capabilities with innovative analytic methods to address complex public policy and national security challenges. Funding for this
workshop was provided by philanthropic contributions from RAND supporters and income from operations.
The HPC Innovation Center provides companies with access to Lawrence Livermore National Laboratory’s supercomputers,
software, and domain expertise, as well as practiced guidance on the application of advanced computing technologies.
Through enabling collaborative engagements, the HPCIC can help companies increase their understanding of complex technologies and systems, accelerate their innovation processes, and expand the value they derive from their use of computing.
For more information, visit hpcinnovationcenter.llnl.gov.
Founded in 1952, Lawrence Livermore National Laboratory (www.llnl.gov) provides solutions to our nation’s most important national security challenges through innovative science, engineering, and technology. Lawrence Livermore National
Laboratory is operated by Lawrence Livermore National Security, LLC, for the U.S. Department of Energy, National Nuclear
Security Administration, under Contract DE-AC52-07NA27344.
The RAND Infrastructure Resilience and Environmental Policy Program performs analyses on urbanization and other stresses.
This includes research on infrastructure development; infrastructure financing; energy policy; urban planning and the role of
public-private partnerships; transportation policy; climate response, mitigation, and adaption; environmental sustainability;
and water resource management and coastal protection. Program research is supported by government agencies, foundations, and the private sector. For more information about RAND Infrastructure Resilience and Environmental Policy, visit
www.rand.org/jie/irep or contact the director at irep@rand.org.
This program is part of RAND Justice, Infrastructure, and Environment, a division of the RAND Corporation dedicated to
improving policy and decisionmaking in a wide range of policy domains, including civil and criminal justice, infrastructure
protection and homeland security, transportation and energy policy, and environmental and natural resource policy. The
RAND Corporation is a research organization that develops solutions to public policy challenges to help make communities
throughout the world safer and more secure, healthier and more prosperous. RAND is nonprofit, nonpartisan, and committed
to the public interest. For more information, visit www.rand.org.
For more information on this publication, visit www.rand.org/t/CF339.

Limited Print and Electronic Distribution Rights
This document and trademark(s) contained herein are protected by law. This representation of LLNL and RAND intellectual
property is provided for noncommercial use only. Unauthorized posting of this publication online is prohibited. Permission
is given to duplicate this document for personal use only, as long as it is unaltered and complete. Permission is required to
reproduce, or reuse in another form, any of our research documents for commercial use. For information on reprint and linking permissions, please visit www.rand.org/pubs/permissions.

© Copyright 2016 RAND Corporation and Lawrence Livermore National Laboratory
RAND’s publications do not necessarily reflect the opinions of its research clients and sponsors.

R® is a registered trademark.

Partnership for

Computational Policy Analysis

Pairing advanced computing capabilities with new analytic methods to address complex public policy and national security challenges

C O R P O R AT I O N

LLNL-TR-678965

x

RAND CF-339-RC

