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Presentation Outline

Background on development of the methodology.
Introduction: Bayesian networks (Bns) in general.

Application: Evaluate performance of infrastructure
networks at commercial ports.

Demonstration: Impact of sea-level rise on operational
performance (reliability of at-berth support services).

» Evaluate performance under different sea-level rise
scenarios.

» Evaluate the impacts or benefits of modifying the

Infrastructure network.

®
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Systems Thinking in Operations: Developing
a Long-term Investment Strategy with
Respect to Sea-level Rise

Problem: Rising sea-levels will increase the level of damage
caused by coastal storms to transportation infrastructure.
What effect will increases in sea-level have on the
performance and reliability of port operations?

Study Approach: Quantify the risks posed by coastal storms
to infrastructure supporting operations and determine how
changes in sea-level would affect those risks.

Performance Metric: Probability that support services to
ships at-berth will not be interrupted at least once a year

by a coastal storm.

®
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Mission performance

Coastal storms can impair the level of
mission performance.

Mission impairment is a loss in Sea level rise (SLR) can affect the

mission performance.

index (MPI)

level of impairment caused by a
storm of severity x.

e 1 i)

ﬂu

Mission
Impairment

. SLR increases
ti I the loss in MP]

T
Storm event

Time Time
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Risk assessment determines how SLR
affects the probability of losses in MPI.

Probability of exceedance

Prob(L=1)

Five Risk Curves
(One for each level of SLR)

SLR

2.0

=5

Effect of 1.0
0.5m SLR

on risks to 0.5

mission 0.0

Mission impairment, L

Potential losses are expressed
as some agreed-upon measure
of mission impairment, L.

Prob(L=l) : Probability that the
level of mission impairment is
greater than or equal to level
L=I.

®
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SERDP RC'1701 StUdy Coastal Storm Models
Approach
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Strategic Environmental Research and
Development Program (SERDP RC-1701)
Study Participants*

Coastal Storm Modeling: Jane Smith, Jay Ratcliff, Honghai Li, Lihwa
Lin, Cary Talbot, Mike Follum

Geomorphologic Modeling: Andrew Morang
Environmental Modeling: Craig Fischenich, Kyle McKay
Mission Decomposition: Michael Case, Steve Pranger
Structural Analysis: Jose Rullan-Rodriguez, Paul Mlakar
Geographic Information Systems Scott Bourne

Risk Assessment: Martin Schultz

Project Management: Edmond Russo, Kelly Burks-Copes @

* All participants affiliated with USACE Engineer Research and Development Center (ERDC). BUILDING STRONG



Caveats for Public Release

No information about Naval Station Norfolk is being revealed
In this presentation.

The purpose of this presentation is to describe how the risk
assessment method could be applied at a commercial port.

The infrastructure network has been modified:
» Location and elevation of assets have been changed.
» Network topology has been modified.

» Network adapted for the mission to provide at-berth support for ships atr
commercial ports.

The results demonstrate what types of insight this approach

can provide.

®
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What are Bayesian Networks (Bn)?

Factorization of a joint probability distribution over random
variables.

A Bn consists of two parts:
» A graphical model, and

» A set of conditional probability tables.

Developed for probabilistic reasoning:
» Predictive inference: Reasoning from causes to effects.

» Diagnostic inference: Reasoning from effects to causes.

Objective: Estimate the probability of random variable

states and update probabilities with new information.
|

®
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The graphical model shows causal influence

among random variables.

= A graphical model consists of
nodes and edges.

» Nodes are random variables -
well-specified events or
components of a system.

» Edges signify causal influence
between variables.

* |n a directed acyclic graph,
Influence flows In one direction
through the network.

= Any joint probability distribution
can be represented as a DAG.

A DAG with five random
variables.

C@\@/
Graphs can be developed

from blueprints, flow charts,
diagrams, or expert

knowledge.

®
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Nodes are parameterized using conditional
probabllity tables (CPTs).

E— N = CPTs specify the conditional
e e St £ 3333\3 probability of each random
variable state given the
Ii:::z? ;‘%E SN E potential states of parent
- ;8_8E/ nodes.
o — = The Bayesian network
T o o T or T o computes the marginal
ggﬁ%‘i g E }Z Z"}: gz} pro.bability of random
o o ¢ o | o7 | o variable states.
variable X Fere—o 1o o = Parameterization can be a
TR challenging task.
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Statistical inference is accomplished by
applying information to the model.
« Information may be hard (certain) or soft (uncertain).

« Bayesian updating is used to compute the posterior marginal
probabilities of random variable states given the information.

* Example: By applying hard = .l =T LH
iInformation that random e o
variable X is in state J, the Saec 0
probability of all other random = \
variable states are updated. e Stte L ﬁ:g&

SeeS o1 sl A
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Modeling risks to infrastructure networks
and mission performance at coastal sites.

» |dentify a mission of interest

= Decompose the mission into
capabilities and physical assets.

= Determine functional dependencies
among physical assets.

= Model the reliability of assets that
are subject to storm loads.

= Develop the graph and populate the
conditional probability tables.

BUILDING STRONGg,



Capabilities commonly required for at-berth
support of commercial ships.

Utility services

= Electricity to ships.

= Potable water.

= Wastewater and QOily waste.

= Steam.

= Navigation access and berths.

Other services

= Cargo handling

» |nter-modal transfer (Rail)

BUILDING STRONGg,



Each infrastructure sub-system is
decomposed into well-defined assets.

STEAM
= Steam plant building

WATER
= Potable water treatment plant

* Steam plant pumps and mechanicals  « Water pumps and pump building

= Steam distribution lines
WASTEWATER

= Wastewater pumps

= Wastewater lift building

= \Wastewater treatment plant
OILY WASTE

= Oily wastewater tank

= Oily wastewater pumps
= Oily wastewater pump building

ELECTRICAL
= Electric substations & transformers

= Backup generators and fuel tanks
NAVIGATION
= Navigation channels

= Draft and freeboard at berths

Each asset is defined by:
1. Location

2. Potential damage states
3. Damage function
4. Fragility curve g

o1
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Map dependencies among physical assets

In the Infrastructure network.

[9] City Substation 1

[8] Port Substation B

[150] City Substation 2

([45] Fuel Tanks )
[153] Port Substation C

[10] Pier Substation = n
[11] Pier Substation

([157] Pier Substation )

(13- 6] Generators )

[163] Transformer
[171] Transformer
[37] OW Pump Station

[44] Central OW Pump

£

[42] oW P

[41] OW Pump

Provide Electricity

Provide Oily Waste
Provide Wastewater

[164] Generator

‘

[162] Transformer

[121] Channel A

[122] Channel B
Provide Electricity

(223 Channei ¢ )

[102] WW Lift Station A
[110] City WW Lift Station

Provide Electricity

Provide Access

[114-118] WW Pumps

[129] Draft, Portside
[131] Draft, Portside

([124] Provide Berth, Portside )
[

Provide Steam

([126] Provide Berth, Portside

Provide Steam

([127] Provide Berth, Starboard )

([125] Provide Berth, Starboard )

[134] Freeboard
[132] Draft, Starboard

[137] Pier B Freeboard

130] Starboard Draft

[54D] SLN 21 )t

Provide Water

[128] Berth, Portside

[54C] SLN 20

[168] Transformer

[159-160] Transformer

[169] Transformer

[161] Transformer

[174] Generator

[94] Water Pump House

[144] Fuel Pump House
[143] Steam Plant B
[158] Fuel Pumps

[100] City WTP.

[95 - 98] Water Pumps

([89] Steam Plant A Mechanicals ) ([175] Steam Plant B Mechanicals )

[60] SLN 1

[59] SLN 14

A
[83 SLN 16

[64] SLN 3

133] Draft, Starboard

[79C] SLN 13
[84] SLN 17

[85] SLN 6

[128] Berth, Starboard

[76A] SLN 18

[138] Freeboard
[133] Drafit, Portside

®
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The Bayesian network contains five types of

random variables.

(Risk Drivers ) I
Sea-level rise (m) (5 scenarios)
Storm severity (3-level index) -~

( Asset Damage State )

Two to four potential states for each asset. | lo‘?f S

( Asset Functionality ) e 5B o

F = Functional / NF = Non-functional

( Capability ) 2

O = No capability / 1 = Capable

Transforms the function node to a capability index.

(Mission Performance )

An agreed-upon function that describes how well

the mission is performed.

®
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Bayesian Network for Risk Assessment

140 Nodes, 287 Edges, 11,744 Probabilities
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The model is used for inference about the
Infrastructure system and management.

Post-storm reconnaissance: Diagnostic inference to
predict asset damage states and functionality.

Risk assessment: Predictive inference to characterize
uncertainty in capabilities and mission performance.

Evaluate adaptations to SLR: How would changes In
the network topology or asset reliability affect
capabilities and mission performance.

Value of information analysis: Identify where better
Information about the reliability of assets should be

obtained.

®
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Effect of Sea-level Rise on Capabillities

Probabilities increase between
0.5and 1.5 m SLR.

Oily waste and wastewater
systems are the first to be
affected.

Capabilities Provide oily waste
and Provide electricity have
lower reliability at Pier A than
Pier B.

Navigation and berthing
capabilities improve as sea-level
rises.

Pier A: Capabilities

1.0
—e—\Water

; 0.8 #-Access
g Steam
i3 0.6 —Starboard Berth
=
= =#Portside Berth
204
£ Oily Waste
'g Electric
2 0.2
3 \ —Wastewater

0.0 R

0.0 0.5 1.0 1.5 2.0
Sea-level Rise (m)
Pier B: Capabilities

1.0
= Wat
< 0.8 ——Water
© =-Access
S Steam
o
£ 0.6
g. =<Starboard Berth
e —#Portside Berth
804 ae Ber
£ Oily Waste
o
9 .
E 02 Electric
() —a—\Wastewater
%} o — [

0.0 = ‘ N »

0.0 0.5 1.0 1.5 2.0

Sea-level Rise (m)
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Capabillity Scores by Storm Severity

Sea-level Rise (m)

Sea-level Rise (m)

Pier A Water st Pier A Electricity Pier A Steam 51
1.0 , 1.0 —-s1 1.0 | -5
=52 =52 S3
0.8 - ® 0.8 - @ 08 -
o 38 3 8
g 06 Z 06 - 2 06
::; 0.4 - % 0.4 - ;: 0.4
< < <
2 02 - S 02 - 8 o2 .—_\\
o
0.0 : : ) 0.0 : : : 0.0 — : "
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Sea-level Rise (m) Sea-level Rise (m) Sea-level Rise (m)
Pier A Wastewater Pier A Oily Waste i = .
s Capability score Is
S2 ih
o : - the probability
o a
" > [l "
£ z that a capability
I a -
§ 8 will not be
0.0 : : n 0.0 - : n ;
00 05 10 15 20 00 05 10 15 20 Interru pted :
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At What Change in Sea-level will Mission

Performance Degrade?

= The MPI is a multiattribute value function (0 < MPI < 1).

w = Relative importance of each capability.

C = Capability score
MPI; = > w;C,
|
LEC gives probability that a
loss will exceed a level, L>I.

Tipping point: The SLR at
which the LEC transitions
from concave to convex.

Probability of Exceedancance, P(L>/)

1.0

0.8

0.6

0.4

0.2

Pier A
SLR (m)
—-0.0
-=0.5
1.0
-<1.5
2.0

0.25 0.5 0.75 1

Loss in E[MPI]
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The Bayesian network provides a platform
for experiments in SLR adaptation.

Flood-proofing of wastewater infrastructure at Piers A&B (Pumps,
generators, building, transformer).

Flood-proofing increases the PIER A & B: WASTEWATER

capability score to 1.0 only up to

—STATUS QUO

0.5 m of SLR. o 08 —FLOODPROOF
o
Benefits of flood-proofing are ‘,’;’ 06
limited by dependencies on other 3 04
assets. 8
0.2
Benefits tend to diminish w/ SLR. 0.0
i 0 0.5 1 1.5 2
Piece-meal approach vs. whole- Sea Level Rise (m)

system approach to adaptation. ]Hi IH[

®
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Conclusions

Bayesian networks are a useful tool for modeling the
performance of infrastructure networks.

Method is scalable and adaptable. Can model highly
complex joint probability distributions.

Practical insights from applications:

» Network-scale remedies will be needed to avoid potential losses
In mission performance from SLR.

» Selective redundancies and improvements in reliability may not
be cost effective.

®
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Bns can be used to model risks to the
performance of infrastructure networks.

Five well-defined operational
missions at NAVSTA Norfolk
Airfield

Heliport

Training

Command and control

Port operations

e

2, SamCtini)

=
2

i

b

Provide utilities to ships at berth.

Provide crew life support (e.g., food, shower,
laundry) and logistical support (parking).

Provide maintenance dredging for berths and
navigation channels.

Provide ship repair and maintenance service.
Provide logistics for supplies.
Provide ammunition for small arms.

BUILDING STRONGg,



Natural hazards can impair the level of
mission performance.

Mission performance (P,)

:. ¢ | Impairment
0 Th(o),

/
\\ ‘L

t Time (1)
Event

OCcCUrs

Performance function:
P =P-g(4,h(r,x))

e g(A, h(r, x)), : Impairment
e A : Potential improvement
e N(r, Xx) : Event severity

e I : Sea-level rise (meters)

X . Determinants of event severity
Pressure, radius, speed, etc.

Loss function:

- Ztlg(i, h(r, x)), 5
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Sea level rise can affect the level of
Impairment caused by a storm of severity X.

Mission performance (P,)

e g(/l’ h(r,x))t

L /1,
! !,
1 5
! /17; i=a * r:sea-level rise (meters)
1, 1 1
/ = .

Ve - e {a,b} are realizations of r
‘\

Event

occurs Time

®
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Develop an Asset Capability Network (ACN)
describing how the mission is performed.

ASSETS

CAPABILITIES

MISSION

Pier#
Navigation = . < -
channels » Berthing space Provide berth space
Electrical < Electrical Electrical . :
supply "| substations transmission » Provide electric power
Water distribution » Provide potable water
Water Water pmT—
» Waste distribution : .
treatmentplant storage (CHT &OW) » Provide waste disposal
Commercial goods FISC . .
Untreated suppliers Warehouses » Provide supplies
water supply
Ammunition » Provide ammunition
Off-Base Road [ On-base Bunkers
Network | transportation
P [EN T » Provide personnel support
areas
N Steam " Steam ;
Natural gas supply SRR distiibution » Provide steam
POL - i
> > L——» Provide fuel and oil
POL supply POL storage distribution
Cliidvsite » I » Provide communications
communications Building

Provide
At-Berth
Support at
Pier #

®
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Some systems are eliminated from the
network.

Potential reasons for elimination included:

1. Physical assets that comprise the system do not appear vulnerable
to damage from coastal storms.

2. Amethod of assessing ‘CAPABILITIES sts.ow\
damages based on the B H |
modeled loadings from < Pt st pove
coastal storms could not
be found.

Provide potable water

>SC<J ~>{ ProvidSseiiies Provide

At-Berth

= E>|< +{ ProvidSseiunition Sug&‘:';a'
3. The physical assets were ST || Podiaomel supon
Iocated beyo n d th e I i m itS ‘ Natuxﬁupm:’{ gei;;ruﬂun }_ mj Provide steam
Of th em Od el d om al n. POLsupply POL storage e | Provide Saighd ol
‘ :om?ﬁans }—'{ E* }7 *{ Provide Syegliunications

. 7 ®

Mobile assets and personnel are not considered in this analysis. s STRONGg



Swing weights were obtained
from the Ship Support Officer, NSN

Pier
Capability
11 12& 14
Provide Electric Power| 0.230 0.217
Provide Wastewater 0.230 0.217
Provide Steam 0.172 0.163
Provide Potable Water| 0.115 0.109
Provide Oily Waste 0.115 0.109
Provide Access 0.080 0.076
Provide North Berth 0.057 0.054
Provide South Berth - 0.054

= Ten pairs of performance scenarios were randomly
generated. Respondent chose the scenario with the
highest level of performance.

=  60% of MPI predictions using swing weights agreed

with respondents choices.

= |naccurate predictions were associated with harder

choices (smaller differences in MPI).

0.35
0.30
0.25
0.20 ¢
0.15

*
0.10

*

0.00 ::

Difference in MPI

* 0

Inaccurate  Accurate ING STRONG,



The graphical model is parameterized with

marginal and conditional probabillity tables.

SLR: Sea-level Rise (m)

0.5 1.0

15 2.0

0.20 0.20

0.20 0.20

Asset 3 Damage State

None 99.4
Minor 0.46
Moderate 053
Severe 080

Asset 1 Damage State

None

Asset 3 Damage State
° None Minor Moderate Severe
0.0 | S1 | 9.98E-01 | 9.27E-04 | 2.13E-04 | 6.60E-04
0.0 [ S2 | 9.71E-01 2.46E-02 2.53E-03 1.82E-03
0.0 | S3 | 9.01E-01 | 8.89E-02 | 6.99E-03 | 3.22E-03
0.5 | S1 | 9.75E-01 | 2.09E-02 | 2.24E-03 | 1.71E-03
0.5 | S2 | 7.76E-02 | 7.55E-01 | 1.39E-01 | 2.79E-02
0.5 | S3 | 2.77E-04 | 4.80E-01 | 4.24E-01 | 9.62E-02
1.0 | S1 | 9.04E-01 8.63E-02 6.81E-03 3.17E-03
1.0 [ S2 | 9.46E-05 4.25E-01 4.64E-01 1.11E-01
1.0 | S3 | 7.15E-12 | 4.46E-02 | 5.79E-01 | 3.77E-01
1.5 | S1 | 6.75E-01 | 2.96E-01 | 2.19E-02 | 6.66E-03
1.5 S2 | 1.02E-11 4.71E-02 5.82E-01 3.71E-01
1.5 | S3 | 0.00E+00 | 6.70E-05 1.69E-01 8.31E-01
2.0 | S1 | 2.09E-01 | 6.89E-01 | 8.38E-02 | 1.80E-02
2.0 | S2 | 0.00E+00 | 5.11E-05 1.59E-01 8.41E-01
2.0 | S3 | 0.00E+00 | 1.49E-12 | 2.16E-03 [ 9.98E-01
FunAci?z:l:Iity FunAc:?z:I:Iity Cageuiie

F F 1

F NF 0

NF F 0

NF NF 0

Asset 3 Functionality

Minor
Moderate
Severe

98.3
1.70
0+

SEV: Storm Severity Index

Asset 1 Functionality

NF

Capability 1

0 253
q 1 747

0.747 £0.43

Mission Performance

010 0.1
01t002
02003 0
031004 250
041005 0
0510 0.6 0
061007 028
071008 0
081009
09to1

0.28
0

0
74,4 pu—

0.796 +0.26

0
1

s1 S2 s3
Slurm.Severlty _ 0.9 0.08 0.02
S2 8.00 1 1 }
S3  2.00
ASSET1 ASSET2 | Asset 2 Functionality
Functionality| Damaes
State G NE
F None 1.00 0.00
F Minor 0.75 0.25
N:::elZDagr;zgeStatE F Moderate 0.25 0.75
Minor 1.70
Moderate 0+ F Severe 0.00 1.00
NF None 0.00 1.00
NF Minor 0.00 1.00
_ NF Moderate 0.00 1.00
NF Severe 0.00 1.00
Capability 2
L ¢ Asset 2 Capability 2
0,994 £0.075 Functionality i %
F 1
NF Y
Capabilityl | Capability2 Pe:\f;s,:::,ce
0 0 0
0 1 0.35
1 0 0.65
1 1 1

BUILDING STRONGg,
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Probabilities of asset damage states are from

a structural reliability analysis.

Example: 250 psi steam lines on tall pylons

(A) Infrastructure is decomposed into SUAS

(A) Potential damage states are defined

—

State Description Functional?
None No damage. Yes
Minor Cracksin pylon. No visible damage to steam line. Yes
Moderate | Pylon replacement required. No visible damage to steam line. | Yes
Severe Pylon concrete crushed. Steam line has visible cracks. No.
1.0 -
|
(B) Damage functions predict the response of  zos
the SUA to wind, water, and sediment loads. £ 06
% ==P[D 2 Severe|L=I]
.- . .y -% 0.4 ==P[D > Moderate|L= ]
(C) Fragility curves estimate the probability of 3 PID > Minor]L-]
. 5 ==P[D = None
each damage state as a function of the 3 02 P
moment given the wind, water, and sediment 0.0
loads acting on the SUA. L Y et Thossands

BUILDING STRONGg,




Asset Damage and Function Nodes

SLR SEV
0.0 100 S1 900

0.5 S2 8.00
1.0 S3  2.00
15
2.0

ococoo

DS N [1] P14 WW & OW Generator $
[162] Q-81 Transformer $ ND/F 89.9
ND/F 89.6 Minor / F 0.64
Minor / F 0.46 Moderate /NF ~ 4.63
Moderate /NF ~ 1.17 Severe / NF 4.86
Severe / NF 8.81
[162] Q-81 Transformer $ | [1] P14 WW & OW Generator $
p—— F
F 90.0 —
DSN NF 999m INFE

[102] Q-81 P14 WW Lift House $

None /F 93.3
Minor / F 471
Moderate / NF 142
Severe / NF 0.57

Subset of the network showing assets related to
the capability to provide wastewater at Pier 14.

Suppose SLR = 0.0 m.

Each damage state node (DSN) is
defined by two or more damage states.

DSNs give the probability of that asset
being in each potential damage state
at least once in a year.*

Function nodes (FN) give the annual
probability of being non-functional at
least once in a year.*

SEV could be instantiated to estimate
the annual probability of damages from

a coastal storm of severity.

®

*The assumption that system states are caused by a coastal storms is implicit.

BUILDING STRONGg,



The model can be updated with
observations of asset damage states.

SEV
S1 150m
S2  55.] m——
S3  29.8 mm

[1] P14 WW & OW Generator $

[162] Q-81 Transformer $ ND/F 15.0
ND/F 149m Minor / F 3.65
Minor / F 0.21 Moderate /NF  36.0

Moderate /NF 850 Sewere / NF 454

Severe / NF 76.3

162] Q-81 Transfor rmer $
151 ] 187

[1] P14 WW & OW Generator $

84. 9 . G
[102] Q-81 P14 WW Lift House $
None/F 0 [
or/F

Moderate INF 100 —

Severe /| NF i
[114-118] P14 WW Mechan cals $
None / F |
Severe / NF I

[102] Q-81 P14 WW Lift House

100

-

[114-118] P14 WW Mechanicals $$

NF

An implicit assumption in the network is that damages are caused
by a coastal storm. If an asset is observed to be damaged, then a
storm must have occurred and caused those damages. If an asset
is observed to be undamaged, then a storm must have occurred
and the asset withstood the forcings.

Suppose the damage state of the
WW Lift House structure [102] is
observed to be “Moderate / NF”.

The state of all other assets is un-
observed. Each unobserved DSN
gives the probability that asset is in
each of its potential damage states
given knowledge of the state of [102].

SEV node reports an inference about
the storm that caused the damage to
[102].

Damage state probabilities can no
longer be interpreted as “annug

probabilities.”

®
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Additional observations can be used to
apply more information to the model.

o « Suppose that further investigation
reveals that the P14 WW Generator
[1] P14 WW & OW Generator $ [1] iS nOt damaged.
e » This leads to high confidence in the
damage state and functionality of
other assets, which remain
’\[‘:L:Ze]/?z-al P14 WW Li;t House$ u n O bS e rVe d "
e %8 \ mmmwmems] ® 1Ne SEV node reports an inference
e about the storm that caused the
. \ damage to [102].
F[114-118] P14WWMechag|caIs$$ ) There IS a hlgh degree Of

confidence that damage to [102
was caused by an S1 stor Im

BUILDING STRONGg,




Probability of NO Service Interruption

Capability nodes transform information about < B
asset damage state and function to a real- e
valued capability score between 0 and 1. - L P | i
The score is the probability that a service will = e
NOT be interrupted by damages to assets

from coastal storms (other than Nor’easters)

at least once during the year.

o

[114-118] P14 WW

Capability scores provide no information on

the duration of interruption, the failure that
caused the interruption, or the extent or cost

[114-118] P14 WW Mechanicals $$

of repairs needed to remedy the interruption.

90.2

’E‘F ozsh | || gtl:vérFelNF g?sg
When SLR is instantiated and there are no other instantiations in mwﬁs.ewam;/
the net, the capability node can be interpreted as an annual I
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probability because the SLR prior distribution is consistent with
return periods of modeled of coastal storms.
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Mission Performance Index (MPI)

The MPI is a multiattribute value function between 0 and 1.

MPI, = > w;C,

Weights (w): Relative importance of each capability with respect to
management objectives at each pier. Obtain by swing weighting.

Capability score (C): Probability a service will NOT be interrupted by
damages to assets from coastal storms at least once during the year.

MPI is a metric of overall mission performance for the infrastructure
network, factoring in management objectives.

Capabillity score Is a performance metric for each capability.
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Expected MPI decreases with SLR.

Pier A has a lower E[MPI].

E[MPI] at Pier A decreases
with SLR at a slightly faster
rate.

E[MPI] at Piers B and C are
almost equal.

E[MPI] is most strongly
affected between 0.5 and
1.0 m of SLR

Mission Performance Index
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Mission Performance Index (MPI)

The MPI is a multiattribute value function between 0 and 1.

MPI, = > w;C,

Weights (w): Relative importance of each capability with respect to
management objectives at each pier. Obtain by swing weighting.

Capability score (C): Probability a service will NOT be interrupted by
damages to assets from coastal storms at least once during the year.
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