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ABSTRACT:  The disaster in New Orleans following hurricane Katrina emphasized the vital need to discuss, assess, and decide on the public and private roles and responsibilities for dealing with the risk of flooding.  As part of this effort to redefine its role, the US Army Corps of Engineers is embarking on an ambitious effort, titled the Actions for Change, which in part emphasizes the need for risk analysis and risk management in all of its missions.  In the aftermath of Katrina, the Corps is attempting to recast its approach to its decision making by employing a risk analysis framework.  In this approach, risk is acknowledged, assessed, managed and communicated. Some aspects of the new risk management framework have been applied to the planning for enhanced defenses for New Orleans, and will be expanded as new procedures for other Corps missions and business lines.  Examples will be shown for each major aspects of the new paradigm.
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1. introduction

Hurricanes Katrina and Rita and the subsequent criticisms of the nation’s and the U.S. Army Corps of Engineers (USACE) approaches to projects design, budgeting and communication of risk have been a wakeup call for the Corps of Engineers.  The evaluations that were made after the storms revealed the limitations of the traditional engineering approaches to design of projects in the face of natural and man-made hazards and the ways in which risk was evaluated, recognized and communicated. The traditional approach presumes that risk assessment and risk management are technical decisions that are predominately the responsibility of the professional engineer. However, absent perfect knowledge, performance and design can never yield “fail safe” projects. As noted in the book “To Engineer is Human,” 

All designs for use are arbitrary.  The designer or his client has to choose in what degree and where there shall be failure.  (Petroski, 1985)
The Actions for Change, announced in August, 2006, by the then Chief of Engineers, LTG Carl Strock, provide a new direction for USACE in terms of how it plans, decides upon and then implements, solutions to the nation’s water resources problems.  The Actions emphasize the need for risk assessment and risk management within a systems context, the need to effectively communicate risk and the need to increase public service professionalism within the USACE. The actions call for better methods for evaluating tradeoffs among decision alternatives, and better methods of involving stakeholders in the decision process. 
2. Traditional Planning Background  

The 1983 Principles and Guidelines Economic and Environmental Guidelines for Water and Related Land Resources Implementation Studies (P&G) (US WRC, 1983) expresses Federal water resources project development policy.  It is structured to ensure proper and consistent planning by Federal agencies in the formulation and evaluation of water and related land resources implementation studies. According to the P&G, planners must identify and describe areas of risk and uncertainty in their analysis so that decisions can be made with knowledge of the degree of reliability of the estimated benefits and costs and of the effectiveness of alternative plans. Other than this general guidance, P&G is silent on what risk analysis to conduct or how to make decisions when risk or uncertainty is influential on project performance.  

3. Risk informed planning approach

In November, 2005, the U.S. Congress directed USACE to “conduct a comprehensive hurricane protection study…to develop and present a full range of flood, coastal and hurricane protection measures exclusive of normal policy considerations for south Louisiana.”  In implementing this direction, the Corps has articulated the notion of risk informed planning and decision making. The innovation for the Louisiana Coastal Protection and Restoration (LaCPR) report is extending the results of quantitative risk assessment to explicitly to inform decision making.  

3.1 Quantitative risk assessment
Risk assessment is the systematic process for quantifying and describing the nature, likelihood and magnitude of risk associated with some substance, situation, action or event, including consideration of relevant uncertainties.  Risk assessment follows the path from an initiating event (e.g., a hurricane), to natural system response (e.g. storm surge level), to the response of the engineered system (e.g., wall overtopping), to the system outcome (e.g., breach formation), to the exposure (e.g., population), to ultimate consequences (e.g., fatalities).  At each element of the process there are conditions that can influence the scale, system response and ultimate consequences.  For instance, the extent of wetlands can mitigate the storm surge and the forces on the engineered system.  Land use regulations can reduce exposure.  The methodology in LACPR assesses all hurricane protection plans using this framework and calculates the residual risk associated with each alternative.  LaCPR produces quantitative information describing the risks and consequences for various populations, assets and other resources along the coast for the existing condition and for each alternative formulated.  

3.2 Scenario planning
The LACPR augments the conventional Corps planning and evaluation approach by using scenario planning.  The goal is to deal more effectively with uncertainty especially where a quantitative assessment of uncertainty is not feasible or appropriate.    Scenario planning is a purposeful examination of a complete range of futures that could be realized.  Unlike forecasts, scenarios do not indicate what the future will look like so much as what the future could look like. Rather than focus on a single without project condition as the base, scenario planning acknowledges uncertainty by considering an array of futures based on different potential values of key uncertainties.  In this context, plans are formulated that both address each of the possible futures but also are robust in achieving the desired objectives regardless of the future. Potential candidates identified by experts and stakeholders include  the rate of relative sea level rise and the patterm of post-Katrina development. 
3.3 Risk-informed decision process
The risk-informed decision process conveys information on residual risks and assists decision makers to make tradeoffs among the objectives established for the project so that the risk associated with the chosen course of action is tolerable.  Decision makers must recognize these residual risks exist and that no alternatives can fully eliminate residual risk. Key decision makers will assist by identifying objectives and performance measures.  Objectives could include increasing environmental benefits, increasing economic output, or increasing safety.  For each of these objectives performance metrics are developed such as acres of wetland, net benefits, and number of people at risk.  The analysis is designed to identify potential risks inside and outside of protection systems and couple it with potential economic, ecosystem, and human health and safety impacts associated with inundation levels. Multiple-scenarios are evaluated including scaled levels of development and recovery and modification of scenarios that would allow for gauging of unknowns such as sea level rise and subsidence variations.  

4. Application

This example application demonstrates selected aspects of the risk-informed multi-criteria decision paradigm used in the LACPR project selection decision. This is an illustrative example, so the alternatives, objectives, and quantities used here are not those used in LACPR and the conclusions presented here are not those of LACPR. This adaptation has been necessary to demonstrate the method and capabilities of the risk-informed decision framework in this paper. 

Application of the multi-criteria risk-informed decision approach begins by identifying all of the decision alternatives. A flood risk management alternative is a set of risk-reduction measures that could include any combination of structural and non-structural risk-reduction measures in various locations and coastal restoration measures. Decision makers are often faced with more alternatives than can be reasonably analyzed. This complexity is addressed by developing a representative set of alternatives by sampling all regions of the decision space, meaning that all differentiating features of the alternatives such as the height and location of proposed levees or the criteria for buyouts should be varied within the extent of their possible range, but not all possible variations need to be enumerated. This choice set is that combination of alternatives from which the decision will be made and always includes a “No-Action” alternative.

4.1 Objectives Hierarchy and Performance Metrics

Flood risk management decisions are inherently multi-objective problems. An objectives hierarchy identifies decision objectives and a set of performance metrics to gauge the performance of decision alternatives. Procedures for developing an objectives hierarchy to address multiple conflicting objectives in decision problems are discussed in detail by Keeney and Raiffa (1993, p. 31).  All important objectives should be considered, but the number of objectives should be as few as possible to prevent redundancy. The value of structuring the hierarchy is that it forces the decision maker to be very specific in describing project objectives. The objectives hierarchy reveals inherent conflict among decision objectives. For example, in Table 1, which shows the hierarchy used in this example application, there is a conflict between maximizing risk reduction and minimizing project costs. 
For each sub-objective, the decision maker identifies one performance metric to provide a measure of performance with respect to that sub-objective. Metrics are used to quantify the performance of alternative decision outcomes, which will be modeled by the decision maker. Metrics should be uniquely related to the sub-objective as evidenced by a lack of correlation among the metrics for different objectives. Table 1 identifies nine metrics for nine sub-objectives for this example. Protection of human life and health are important objectives of flood risk management projects. In this example, these risks are captured by the residential population in the inundation footprint. 

Table 1: An Objectives Hierarchy and Performance Metrics for a Flood Risk Management Decision

	Super-objectives
	Sub-objectives
	Metric
	Metric description

	Maximize human health and safety
	Minimize risks to residents 
	1
	Number of residents in the inundation footprint (population)

	Minimize economic losses from storm surge
	Minimize residential and commercial property losses
	2
	Residual risk to residential and commercial property ($)

	
	Minimize disruptions to the regional economy
	3
	Residual risk to gross regional sales output ($)

	Minimize cost
	Minimize the cost of risk-reduction projects
	4
	Life-cycle project costs ($)

	Minimize environmental impact
	Maximize wetland acreage
	5
	Net change in wetland area (acres)

	
	Promote a sustainable coastal ecosystem
	6
	Spatial integrity index

	
	Minimize indirect impacts
	7
	Indirect impacts index

	Minimize other social effects
	Sustain cultural heritage
	8
	Number of unique cultural centers protected (communities)
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Reducing economic loss is an important objective of flood risk management projects. Performance with respect to these sub-objectives is captured using an estimate of residual risk to property and economic indicators. Metrics 2 and 3 are the sum of discounted annual expected damages over the planning horizon, which in this example is 50 years. As illustrated in Figure 1, expected damages are calculated in each year by integrating a stage frequency curve (Fig. 1(a)) and a depth-damage function (Fig. 1(b)) that gives the amount of damage to an asset for a given water level. Where there is uncertainty in the stage frequency curve, a cumulative distribution on the risk metric can be constructed (Fig. 1(c)). In a non-stationary environment, for example one in which sea-level is rising and residual risks are changing over time, damages must be calculated for each period of the planning horizon given some assumptions about the future rate of change in sea-level (Fig. 1(d)). This stream of future damages, shown here with uncertainty bounds as dashed lines, is discounted and integrated over the planning horizon to provide a single, aggregate metric of future damages under each alternative.

An important feature of most flood risk management projects is their cost. In this example, the costs of each alternative are captured by Metric 4, which is the life-cycle cost of the project. Environmental objectives of flood risk management alternatives are evaluated using three metrics. Metric 5 is the net change in wetland acreage, which is the difference between the acreage of wetlands created and the acreage of wetlands lost to a levee footprint. Metric 6 is a spatial integrity index created by LACPR to evaluate the size, shape, density, configuration and structure of landscape patches which determine the trajectories of ecological condition. The spatial integrity index has a dimensionless scale from 0 – 1 with higher values of the index indicating higher levels of spatial integrity. Metric 7 is an index of indirect environmental impacts that captures hydrologic changes, effects on fisheries, potential to induce development of wetlands, and consistency with coastal restoration objectives. The dimensionless index ranges from -8 to +8, with positive values indicating beneficial ecological effects. Unlike the spatial integrity index, the indirect impacts are assessed using expert judgment rather than objective data and analysis. 

In this example, another, equally valid social value of sustaining the cultural heritage of the coastal region of Louisiana is included. Metric 8 measures performance with respect to this objective by tracking the number of unique cultural communities that are protected. 

4.2 Planning Scenarios

The set of performance metrics for each decision alternative are populated using any available methods to estimate, simulate, or otherwise forecast system performance under that alternative. Uncertainty in planning assumptions or parameter estimates used to estimate these performance metrics are taken into account in risk-informed decision making. This is accomplished by creating a set of scenarios to represent alternative futures or states of the environment. Three relative sea-level rise scenarios are considered in this example including: 1) a baseline rate equal to the historically observed rate over the past century; 2) a moderate rate of increase that is twice the historical rate; and 3) a relatively high rate of increase that is three times the observed rate. Two development patterns are considered in this example including: 1) a low employment growth rate over the planning horizon and a dispersed population distribution; and 2) a high employment growth rate over the planning horizon and a compact population distribution. Outcome performance metrics must be evaluated for all possible realizations of these scenarios. In this example, there are six possible outcomes for each decision in the choice set.

4.3 Multi-Objective Utility Scores

The metrics listed in Table 1 have diverse units. The risk-informed decision framework employs a multi-attribute utility function to transform the various metrics into a single, aggregate measure of utility. The utility function is compensatory in the sense that it allows progress on one objective to substitute for lack of progress on another objective. The rate of compensation depends upon the relative weight on each objective, which in turn depends upon the preferences of the decision maker. As shown in Equation 1, multi-attribute utility (U) is the weighted sum of l={1,2,3,...,L} value scores, V(mjkl), that are functions of performance metrics:
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Outcome measures of performance, mjkl, are evaluated through modeling studies for j={1,2,,3,...,J} decision alternatives and k={1,2,3,...,K} planning scenarios. Planning scenarios represent the range of possible futures under which plan performance may be realized. A set of weights (w) that reflects the relative importance of each decision objective is obtained from the decision maker using one of a number of different elicitation methods. Weights may take any value between zero and one, but must sum exactly to one.

4.4 Multi-Criteria Decision Analysis

Multi-criteria decision analysis is a technique for choosing a course of action when uncertainties are present and there are multiple conflicting objectives. The objective function maximizes expected utility over the decisions in the choice set:
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In Equation 2, the θ are possible states of the environment over all possible combinations of planning assumptions and p(θk) is the joint probability of a sea-level rise condition and a redevelopment pattern and is the conditional probability of the expected utility outcome. Probabilities can be obtained by selecting a continuous probability distribution to characterize uncertainty in the forecast for the parameter of the model used to simulate decision outcomes. Probability distributions can also characterize decision maker’s uncertain or subjective beliefs (Savage, 1954; Pate-Cornell, 2002). Since some planners are understandably reluctant to settle on a particular characterization of uncertainty in the parameter forecast, it is useful to analyze the sensitivity of the decision to the choice of this distribution in subsequent analysis. As demonstrated later in this example, this approach provides a more comprehensive understanding of the decision landscape.

4.5 Results

4.5.1 Sensitivity to Preferences

Decision analysis assumes that there is a single, rational decision maker with a well-defined set of preferences. These preferences are described by the weights used in calculating the multiattribute utility score. Where multiple stakeholders with diverse sets of preferences are affected by a decision, the USACE recognizes the need to consider such preferences. It is not possible to aggregate information about preferences to create an aggregate social welfare function (Arrow, 1950). However, it is possible to gain perspective on the implications that preferences might have for the decision by conducting sensitivity analysis on the weights used to calculate multiattribute utility in Equation 1. 
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Results of this sensitivity analysis are shown in Figure 2. Results in Figures 2(a) and 2(b) are developed using the weights for Preference Pattern A while results in Figures 2(c) and 2(d) are developed using the weights for Preference Pattern B. Figures 2(a) and 2(c) assume a low employment growth rate and a dispersed population distribution. Plots 2(b) and 2(d) assume a high employment growth rate and a compact population distribution. In each plot, decision alternatives are shown on the x-axis and expected utility is shown on the y-axis. Shading of bars shows the contribution of performance on each objective to expected utility of the outcome. Uncertainty bands show the minimum and maximum utility score for each alternative given the scenarios considered in this example. 
The expected utility of an alternative is on the performance of that alternative on eight metrics. The height of the bar is the expected utility and the contributions of each metric are indicated by the proportional shading of the bar. In Figure 2(a), the alternative that maximizes expected utility is A7. For Preference Pattern A (Figure 2(a) and 2(b)), the expected utility under the high employment growth rate and compact population scenario (b) is lower than under the low employment growth rate and dispersed population scenario (a). However, Alternatives A7 and A8 appear to yield the highest levels of expected utility in both cases. Results for Preference Pattern B suggest that A4 yields the highest level of expected utility and, for this preference pattern, the decision is insensitive to the relative sea-level rise assumption. For Preference Pattern B, it is interesting to note that the “No Action” alternative does not result in the lowest level of expected utility.
Results for Preference Pattern A in Figure 2(a) and 2(b) can be contrasted with results for Preference Pattern B. In these cases, both preference patterns emphasize the importance of reducing risks to life and property and controlling project costs; however, Preference Pattern A also allocates some weight to regional economic development objectives (Metric 3) and environmental objectives (Metrics 5, 6, and 7).
4.5.2 Sensitivity to Characterization of Uncertainty in the Rate of Sea-Level Rise

Sensitivity of the decision to the distribution of probabilities among sea-level rise scenarios is illustrated in Figure 3 for the two re-development scenarios assuming preferences consistent with those of Preference Pattern A. These ternary plots show which alternative maximizes expected utility for all possible allocations of probability mass to sea-level rise scenarios. The ternary plot can be read as follows. There are three axes, one for each relative sea-level rise scenario. A spindle (three-pointed arrow) shows which of the cross hairs is associated with each axis. For example, the spindle is located at the point P(RSLR = Low)=0.5, P(RSLR = Moderate)=0.1, and P(RSLR = High)=0.4. The spindle is located in the infeasible region of the plot, a region in which the distributions imply bimodal or concave probability distributions for uncertainty. Under this condition, both of the extreme sea-level rise scenarios would be considered more likely than the central value. This would not be a reasonable forecast, thus no solutions are presented for these distributions. The corners of the ternary plot correspond to the case that the rate of relative sea-level rise is known with certainty.
Figure 3(a) shows the results of decision analysis for the re-development scenario that assumes a low employment growth rate and a dispersed population distribution. The figure shows that Alternative A1 is always preferred if the decision maker assesses the P(RSLR=Low)≥ ~0.52 and Alternative A8 is always preferred if the decision maker assesses the P(RSLR=Low)≤~0.05. Viewing the decision landscape in this way helps the decision maker identify the marginal decision alternatives. For example, Alternative A7 only appears as a preferred alternative when there is a distribution of probabilities across the sea-level rise scenarios. A view of the decision landscape also supports deliberation. When there are multiple stakeholders, there may be competing beliefs about the sea-level rise forecast. In this case, the ternary plot provides a focal point for deliberation and consensus building that helps reveal what the implications of these different beliefs might be. Stakeholders are able to see where their differences matter and where they don’t matter and avoid arguments regarding the later. Figure 3(b), which presents results for the case of the high employment growth rate and compact population scenario, shows that Alternative A8 is preferred under most characterizations of uncertainty.
5.  conclusions

The LaCPR decision problem is to recommend a plan that will reduce the risks of flooding caused by storm surge and coastline degradation while considering a full range of risks to people, cultural heritage, environment, property, and economy, as well as, infrastructure construction, operations, and maintenance costs. The risk-informed decision framework described here is responsive to these and other decision support needs of LACPR for which conventional decision support methods are poorly suited. For example, risk-informed decision approach provides a framework for stakeholder deliberation and accounts for uncertainty in certain environmental, social, and economic trends over the planning horizon that can affect the desirability of risk reduction strategies.  
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Figure � SEQ Figure \* ARABIC �1�:  Calculation of residual risk metric with uncertainty in the stage-frequency curve.








Figure � SEQ Figure \* ARABIC �3�:  Ternary plots illustrating the sensitivity of the decision for two re-development scenarios.





Figure � SEQ Figure \* ARABIC �2�:  Expected utility of decision alternatives for two re-development scenarios and two patterns of preference. All results assume a uniform distribution of probabilities across sea-level rise scenarios.
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