USE OF FORECASTING FOR RESERVES OF VULNERABLE EQUIPMENT
Introduction

This section starts by explaining the motivation of the study, which includes a discussion of
hurricanes, historicd data, and landfalling data of hurricanesin Virginia Thisincludes

specifying regiond damages caused by hurricanes, epecidly to traffic control equipment. The
second part of this section details the structure and the content of each section. Thethird part of
this section discusses the different sources that were researched in order to accomplish this
portion of the report. The literature review examines the sources that were studied in order to
understand inventory practices, hurricane forecasting, and hurricane behavior.
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Problem Definition

The Nationa Hurricane Center (NHC) utilizes the Saffir- Simpson hurricane intengity scale, see
Table 3.1, (Smpson and Riehl, 1981) for the Atlantic and Northeast Pacific basinsto give an
estimate of the potentid flooding and damage to property given a hurricane's estimated intengity.
The strength of sustained wind speeds can cause congderable regiond damage. The greater the
sustained wind speeds the greater the damage. Table 6.1.1 shows the range of potentia
hurricane damage.

Table6.1.1. Potential Hurricane Damage Classification (L andsea, 1999)

Cat. Leve Description Example
Damage primarily to shrubbery, trees, foliage, and unanchored Hurricane
1 Minimd homes. No rea damage to other structures. Some damage to poorly Jerry
constructed signs. Low-lying coagtd roads inundated, minor pier (1989)
damage, some smdl craft in exposed anchorage torn from moorings.
Consderable damage to shrubbery and tree foliage; some trees blown
down. Extensive damage to poorly constructed signs. Coast roads and
> Moderate low-lying escape routes inland cut by rising water 2 to 4 hours before Hurricane
arrival of hurricane center. Condderable damage to piers. Marinas Bob (1991)
flooded. Evacuation of some shoreline residences and low-lying aress
required.
Foliage torn from trees; large trees blown down. Practicaly dl poorly
constructed signs blown down. Some damage to roofing meterias of
buildings, some wind and door damage. Serious flooding at coast and
many smaler structures near coast destroyed; larger structures near Hurricane
3 |[Extensve |coast damaged by battering waves and floating debris. Low-lying Gloria
escape routes inland cut by rising water 3 to 5 hours before hurricane (1985)
center arrives. Hat terrain 5 feet of less above sealeve flooded
inland 8 miles or more. Evacuation of low-lying resdenceswithin
several blocks of shoreline possibly required.
Shrubs and trees blown down; dl sgns down. Flat terrain 10 feet of
less above sealeve flooded inland as far as 6 miles. Mgor damage to
lower floors of structures near shore due to flooding and battering by Hurricane
4 |Extreme waves and floating debris. Low-lying escape routes inland cut by A
. . . . ndrew
risng water 3 to 5 hours before hurricane center arrives. Mgjor (1992)
erosion of beaches. Massive evacuation of dl residences within 500
yards of shore possibly required, and of single-story residences
within 2 miles of shore,
Shrubs and trees blown down; considerable damage to roofs of
buildings, al sgns down. Mgor damage to lower floors of al Hurricane
5 |catasronh tructures less than 15 feet above sealeve within 500 yards of shore. Canil
PACH ow-lyin routes inland cut by risng water 3 to 5 hours e
ying ecgpe by rising (1969)

before hurricane center arrives. Massve evacuation of resdentia

areas on low ground within 5 to 10 miles of shore possibly required.
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Hurricanes are natura events that can have catastrophic results. The Nationad Hurricane Center
(NHC) has reported that the mean annua damage caused by hurricanesin mainland U.S. is
$4,800,000,000 over the past 75 years (NHC, 1999).

Pielke and Landsea (1998) ca culated the damage caused by various categories of U.S.
landfdling tropicd storms and hurricanes after normdization by the inflation rate, increasesin
wedlth, and coastal population changes. Dameges incurred as aresult of tropica cyclones
occurring between 1925 through 1995 were tabulated in terms of 1995 U.S. dollars. Table 6.1.2
summarizesthefindings

Table6.1.2. Median Damage Costs of US Landfalling Tropical Stormsand Hurricanes
from 1925-1995 (Pielke and L andsea,1998)

Intensity Cases Median Damege Potential Damage *
(1995 %)

Tropica/Subtropica Storm 118 Lessthan $1,000,000 0
Hurricane Category 1 45 $33,000,000

Hurricane Category 2 29 $336,000,000 10
Hurricane Category 3 40 $1,412,000,000 50
Hurricane Category 4 10 $8,224,000,000 250
Hurricane Category 5 2 $5,973,000,000 500

* The "Potential Damage” provides areference value if one assigns the median damage caused by a Category 1
Hurricaneto be"1". Therapid increasein damage observed as the categoriesincrease is apparent. (The value for
Category 5 Hurricanes may not be representative of true amounts because of the very small sasmple available.)

According to Table 6.1.2 if the potentid damage caused by a Category 1 Hurricane serves as the
standard unit by which potentia damage is calculated, the a Category 5 Hurricane causes 250
times more damaged than a Category 1 Hurricane.

The United States is vulnerable to tropical cyclones (TC) now more than ever, as millions of
people have populated the coastlines, making more people and residences exposed to cyclone
winds, rain, sorm surge, and severe weather. During this century, improved forecasts and more
public awareness have aided in the effort to reduce loss of life and damage to communities.

The East Coast and the southern states aong the Gulf of Mexico are the regions that are most

likely to get hit by ahurricane. According to the Nationa hurricane Center (NHC), the United
States mainland from 1900- 1996 has been struck by hurricanes over 158 times, 64 of these
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storms have been hurricanes of categories 3, 4, and 5 hurricanes. Asshownin Table 6.1.3,
Virginia has been struck only by four hurricanes.

Table6.1.3. U.S. Mainland Hurricane Strikes by States, 1900-1996 (NHC, 1999)

Area Category Number All Major
1 2 3 4 | 51| 12345 | 345

U.S. Texasto Maine 58 | 36 | 47| 15| 2 158 64
Texas 121 91| 9 6 |0 36 15
Louisana 8 51 8 311 25 12
Missssippi 1 1|5 0|1 8 6
Alabama 4 1|5 0O 10 5
Florida 17 | 16 | 17 | 6 | 1 57 24
Georgia 1 4 0 0|0 5 0
South Carolina 6 4 | 2 210 14

North Carolina 10| 4 |10 1| O 25 11
Virginia 2 1 1 010 4 1
Maryland 0 110 0O 1 0
Delaware 0 0| O 0O 0 0
New Jersey 1 0| O 0O 1 0
New York 3 1|5 0O 9 5
Connecticut 2 31 3 0O 8 3
Rhode Idand 0 2 3 0O 5 3
Massachusetts 2 2 2 0O 6 2
New Hampshire 1 1 0 0|0 2 0
Maine 5 0| O 0O 5 0

Though the hurricanes in Virginia have been minor, the NHC suggests that wesather patterns have
been changing and more severe hurricanes can affect more of the northern ates.

According to the Nationd Oceanic and Atmospheric Adminigtration (NOAA), the Suffolk
Didrict of Virginia has been affected by five minor hurricanes between 1900 and 1996. Figure
6.1.1 illugtrates the hurricane landfals from 1900- 1996 for the Suffolk Didtrict.
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Figure6.1.1. Suffolk County Hurricane Landfall from 1900-1996 (L andsea,1999)

The NHC dso provides historica information regarding the occurrence of mgor hurricanes have
on the mainland US coadtline. The NHC dates that the mgjor hurricane season is between June
and November. Mogt of the strikes occur from the middle of August to the end of October as

seenin Figure 6.1.2. Figure 6.1.2 shows the months that a hurricane occurred, from 1885 and
1996.
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Figure6.1.2. Higtorical Data of Monthly Hurricane Landfalls from 1885-1996
(FEMA,1999)
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Table 6.1.4 details all mgor hurricane direct hits to the U.S. coastline from 1900 to 1996.

Table6.1.4. Major Hurricane Direct Hitson Mainland US Coastline and for Individual
States, 1900-1996 by Month (NHC, 1999)

Area June July Aug. Sept. Oct. All
U.S. Texasto Maine 2 3 15 36 8 64
Texas 1 1 7 6 0 15
Louisana 2 0 4 5 1 12
Missssppi 1 1 5 0 1 6
Algdbama 0 1 0 4 0 5
Florida 0 1 2 15 6 24
Georgia 0 0 0 0 0 0
South Cardlina 0 0 0 3 1 4
North Carolina 0 0 2 8 1 11
Virginia 0 0 0 1 0 1
Maryland 0 0 0 0 0 0
Delawvare 0 0 0 0 0 0
New Jersey 0 0 0 0 0 0
New Y ork 0 0 1 4 0 5
Connecticut 0 0 1 2 0 3
Rhode Idand 0 0 1 2 0 3
M assachusetts 0 0 0 2 0 2
New Hampshire 0 0 0 0 0 0
Maine 0 0 0 0 0 0

Despite such historica records, hurricanes are unpredictable. It is difficult to predict the day and
intengity of ther strikes, how long they will last and the extent of damage. One of the most
widely used tracking moddsis CLIPER, which gives awarning only 72 hours before a hurricane
strikes, meaning that there are only three daysto prepare (Landsea, 1999). Such short advance
warning does not alow enough time to obtain al the resources required to recover from such a
disaster. However, some studies are being conducted to generate seasond forecasts for the next
hurricane season as early as December.

Hurricanes threaten human safety and traffic infrastructure. Hurricane Andrew, a Category 4
Hurricane, struck Floridain 1993 and caused extensive damagesto sSigns, sgnals and lights
(NCEP, 1999). According to Florida Department of Transportation (FDOT), hurricane Andrew
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caused the following damages to highway traffic equipment in County No. 6 in Miami County,
Florida (Fassrainer and Santana, 1999):

Table 6.1.5. Damage Caused to Traffic-Control Equipment by Hurricane Andrew to

County No. 6. Miami County, Florida

EQUIPMENT | DAMAGE
Sgnds
Heads 2,000
(400 intersections)
Sgns

Overhead Structure 7
Multiple post ground-mounted Sgns 45

Single post ground-mounted Sgns 169
Spanwire atached sgns 5

As observable from the information in Table 6.1.5, the equipment that suffered the most damege
were ground-mounted signs and signd heads.

Another example of the extent of damage a hurricane can cause to highways can be best
described by the costs that North Carolina experienced with Hurricane Fran (Category 3).
Damages to public property (debris remova, damages to roads and bridges, etc.) in North
Carolinawere estimated to be gpproximately $1.1 billion (NOAA, 1999).

The tidewater region with a population of gpproximately 900,000 people is one of the most
populated areas in Virginia, and because it is on the coadt it, is vulnerable to hurricane activity
(US Census Bureau, 1998). Severd historica landmarks are in the Tidewater region. Also,
tourism is very prominent in the coastd area.

Impairment of traffic-control equipment reduces the ability to trangport people, equipment, and
resources needed for the restoration of infrastructure. Without signs to direct travelers and lights
to illuminate roads, highways can be confusing and dangerous places. Businesses, government,
and educationa centers will remain closed until some level of recovery isachieved. Months or
even years could pass before a community can recover to its origind state in terms of traffic
control equipment. A community cannot return to daily activities when its road system is not
functiond. Though aid from the federa government could be expected through FEMA and
FHWA, these funds can take months to be received and require detailed accounting of
reimbursable expenditures by local agencies.

Dueto the criticdity of traffic-control systems, amgjor concern for VDOT isthe potential
damage to highway sgns, sgnds, and lights. In order to repair the damaged sgns, sgnas and
lights, VDOT should determine an adequate level of reservesin advance of such disagter.

Managing the required quantities of reserves of sgns, Sgnas and lights to be prepared in case of
ahurricaneisadifficult task. One hasto be able to find an gppropriate level of reserves that
keeps costs low but till aidsin an expeditious recovery in case of a hurricane.
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Reserves have to be maintained at aleve that dlows an initid effort of recovery. Furthermore,
months after a hurricane, awell-chosen leve of reserves will enable a steady recovery. Having
aninitid but substantid amount of reserves can permit enough time for production (sign shops)
to supply the amounts of signs, Sgnas and lights that are till required for the months ahead.

A decison whether to increase reserves prior to a hurricane affecting the area could be criticd.
The levels of reserves for the Tidewater region are determined largely according to patterns
observed in previous years. VDOT does not currently increase levels of traffic equipment
reserves during hurricane season.

VDOT, in order to meet the demands of reserves for the sate of Virginia, has three regiond sign
shops, Culpeper, Richmond, and Lynchburg. Each sign shop is responsible to supply traffic-
control equipment to anumber of didricts, which in turn supply to a number of residencies.

Each resdency isrespongble for supplying the needs of one to two counties. The Richmond
regiona sign shop supplies Sgnsto the Suffolk Didtrict.

In case of ahurricane, al three regiond signs shops would contribute to the recovery of affected

area. |If the sgn shops are unable to meet the demand of sgns, sgnals and lights to subgtitute
the damaged ones, VDOT would then hire a private contractor (Balderson, 1999).
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Overview: Use of Forecasting

This section describes two multi- objective decison modes for evauating policies to determine
appropriate dternative levels of reserves. Both models incorporate forecasts and historicd data
in order to determine the impact of long-term and short-term decisions made prior to a hurricane.

The Introduction section explains the motivation for usng decision trees and forecasting and
gives an overview of the organization of the chapter.

The Technica Background section explains relevant information used to develop the model. The
section discusses current inventory practices and production capabilities, aforecasting study, and
decision trees.

The Modding Hurricane Impacts section details how to characterize the potential damage of
ggns, sgndsand lightsin an area. Then, in turn, it details the factors that will be used in the
following sections for the decision trees. The methods of calculating the three factors, pre-
hurricane preparation cost, recovery time and recovery costs, are discussed thoroughly.

The Sequentia Decison Making By Highway Agency section discussesin detail the sequentia
decisornrmaking modedl. This approach adopts a multi-objective decision tree and explains how
to apply seasondl forecasts.

The Conclusion section discusses the conclusions from the application of the multi-objective
decison tree.

Technical Background

I ntroduction

In this section, relevant information required for the development of the modelsis presented.

Firdt, actua production and inventory practicesin VDOT are described.  The second part of this
section discusses hurricane forecasts that are currently available to the decision-making moded.
The last section describes influence diagrams and the components of decison trees.
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VDOT Inventory and Production Practices

There are at least three reasons to maintain reserves of traffic Sgns, sgnas, and lights.

Protect againgt certain and uncertain adverse events and their consegquences (such as
earthquakes, flooding, and hurricanes).

Allow economicaly efficient production and purchase, e.g. productionin lots.

Allow for trangportation delays of materids, eg. the time for materids for the Sgns, sgnds,
and lightsto reach Virginia

What is an adequate level of reserves? What if a hurricane strikes and VDOT does not have
enough reserves to replace damaged sSgns, signds, and lights? What if VDOT increases the

level of reservesin order to have enough reserves to replace damaged signs, sgnds, and lightsin
case aHurricane Category 3 strikes, but no hurricane strikes? What should be VDOT’ s policies
for dgns, sgnds, and lightsin terms of reserves prior to hurricane season?

As stated earlier VDOT has three regiona sign shops, Culpeper, Richmond, and Lynchburg in
order to meet the demands of reserves for the sate of Virginia. Each sign shop is responsible for
supplying traffic- control equipment to a number of digricts, which in turn supply to anumber of
resdencies. Each resdency is responsble for supplying the needs of one to two counties. The
Richmond regiond sgn shop supplies Sgnsto the Suffolk Didtrict.

VDOT manages reserves for typica demands that have been determined according to the
historica needs of each county. VDOT sign shops request materias monthly to produce signs,
sgnds and lights but they fill orders for each district on a quarterly basis (Baderson, 1999).

In order to determine a method to produce and store reserves of highway signs, sgnas, and
lightsto prepare for hurricane landfal, severd inventory models were examined. The literature
included gtatic and dynamic inventory modds (Bartman and Beckman, 1992, Beckman and
Krelle, 1986, Bemelmass, 1986, Johnson and Montgomery, 1974, Lewis, 1973, and Schroeder,
1993). All of theinventory models reviewed planned for norma inventory demand and supply.
Onekey issuein planning for reserves is being able to determine the demand; yet because
hurricanes are very unpredictable, it is hard to assess the demand.

A typicd gatic formulation for managing reservesis asfollows:
The fixed demand modd adopts the following notation (Schroeder, 1993):

Where:

D = Demand rate (units per year).

S = Cost per order placed, setup cost ($ per order).
C = Unit cost ($ per unit).

i = Interest rate (%).

Q = Lot 9ze (units per lot).

EOQ = Economic Order Quantity (units per lot).
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Figure6.2.1. Economic Order Quantity (EOQ) Inventory Levels (Schroeder, 1993).

As shown in Figure 6.2.1, the average inventory leve isthe lot Size divided by two, which can be
expressed by the following equation:

Average Inventory = % (units per lot) Eq. 6.2.1

Also, the annud ordering cost is the setup cost multiplied by the demand rate, divided by the lot
gze Theequdion isasfollows:

Ordering Cost per year :Sg ($year) Eq. 6.2.2

The annud carrying codt is the interest rate multiplied by the unit cost and the lot Sze divided by
two. The equation isasfollows:

Carrying cost per year :% (Plyear) Eq. 6.2.3

Tota cost per year (TC) isthe sum of the ordering cost per year and the carrying cost per year as
follows

TC = % +i%Q ($lyear) Eq. 6.2.4
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Figure 6.2.2, shown below, detalls the rdationship of tota cost, minimum cost, carrying cos,
ordering cost, and EOQ.

TC
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O  Minimum Carrying
§ Cost Cost
[
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<

Ordering

Cost

EOQ
Lot sze (Q)

Figure6.2.2. Lot Sizeversus Annual Cost. Helps Determine theM inimum Cost and the
Economic Order Quantity (EOQ) (Schroeder, 1993)

The EOQ identifies the quantity of thelot Sze that yields the lowest total cost. Therefore, in
order to obtain the lowest cost, the carrying cost hasto be set equal to the ordering cost. When
both equations are set equa to each other and mathematically manipulated, the carrying cost
minus the ordering cost should be equd to zero.

Subsequently, in order to find the vaue of the lot size (Q) that minimizestotd cogt (TC), the

derivative of total cost isdivided by the derivative of the lot Sze, and the result should equd
zero. Thisisexpressed in the following equation:

do) _,

' I Eq. 6.25
Q) ($/units per lot) q

Thus, by using the equation of total cost (TC) the following relationship can be obtained:
Q= J% (units per lot) Eq. 6.2.6

The previous equation states that the lot sizeis equa to the square root of two times the setup
cost times the demand rate divided by the interest rate and the unit cost.
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The reorder point is defined as follows:.

R=m+s (units per month) Eqg. 6.2.7
Where:

R = Reorder point (Time — eg. month, bimonthly).

m = Average Demand (units per month).

z = Safety factor (%)

S = Standard deviation of demand over time (units per month).

S = Safety stock. (units per month)

The safety stock is equad to the safety factor times the standard deviation of demand over time.
The equation can be expressed as follows:

S=2zs (units per month) Eqg. 6.2.8

The reorder point refers to the point that when levels of reserves have reached the determined
minimum and new equipment orders need to be placed. According to equetion (6.2.7), the
reorder point is equa to the average demand plus the safety stock.

Thismodd does not account for an unexpected, exorbitant, high demand. One should consider
the demand for hurricane season to be probabilistic and not fixed. And one should address the
fact that dthough a higher demand of reservesis required during the hurricane season, because
of hurricane unpredictability, the static modd for setting levels of reserves described just above
does not apply.

Seasonal Hurricane Forecasts

Technology has provided atool to forecast the intengity of the hurricane season. Severd studies
have been conducted to determine seasond hurricane impacts (Elsner, 1998, Marks and Shay,
1997, and Gray and Landsea, 1999). Colorado State University’ s department of Atmaospheric
Science has done extensive works on hurricane forecasting. They provide a seasonal forecast
that could prove very useful in dlowing VDOT officids to make critical decisons prior to and
during hurricane season. Seasond forecasts for the whole United States are conducted in
December of the previousyear (Gray et d., 1992). Verifications are conducted of the hurricane
forecasts before June 1 and before August 1 (Gray et al., 1993 and Gray et a., 1994). The
forecasts used are verified by comparing them to historica climatological data (Landsea 1993,
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Landseaand Gray, 1992a, and Landsea et d., 1992b). Additiona forecasts are publicized in
April, June, August and November (Gray and Landsea, 1999).

Many factors are consdered in forecasting hurricanes. Studies show the relationship of El Nifio
currents, sealeves, quas-biennid oscillations, and the Sahd rains to hurricane formation (Gray,
1984a, Knaff, 1997, Landsea and Gray, 1992a, and Landsea et a., 1992b)

The forecasts used in this document are based on ten potentia predictors shown in Table 6.2.1
(Gray and Landsea, 1999).

Table6.2.1. Climatological PredictorsUsed in Forecasting Seasonal Hurricanes (Gray and
L andsea, 1999)

Climatologicd Predictors
Usp :10 month extrgpolated 50 mb (mb = atmospheric pressure in millibars)
Quasi-Biennid (QBO) zona wind near 10°N for September of the forecast year.
Uso: 10 month extrapolated 30 mb Quas-Biennid (QBO) zond wind near 10°N
for September of the forecast year (Gray, 1984a).
|Uso - Usg|: 10 month extrapolated 50 mb minus 30 mb QBO absolute vaue of
zonal wind for September of the forecast year.
Guinea Rain (Aug-Nov)
West Sahd rain (Jun-Sep) (Landsea, 1992a and 1992b)
Atlantic Ridge (Oct-Nov)
Dawin (May-Jul)
Nifo-4 Trend (Aug-Oct)- (May-Jul) (Goldenburg, 1996)
SOI (Aug-Oct)
SOl Trend (Aug-Oct)-(May-2ul)

Figure 6.2.3 offers a comparison of the August forecasts versus the observed named storms and
the long-term climatological mean(Gray and Landsea, 1999).
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Figure 6.2.3. August Prediction of Total Named Storms Versusthe Number of Actually
Observed VersusLong-Term Climatological Mean (R = 0.85) for Period 1984-1998

(Gray and Landsea, 1999)

Figure 6.2.4 offers a comparison of the August forecasts versus the observed hurricanes and the
long-term climatologica mean. (Gray and Landsea, 1999).

1 Auguel Hurricane Forecasis
1534 19658, =055

Cli matol

Forecas -

A
iy

Hurricanae

“yiear

Q
19341 5351 53651 5371 533 1 53515500 15591 155521 53 5akl 1 5 1 56 1557 15553

Figure6.2.4. August Prediction of Total Hurricanes Versusthe Number of Actually
Observed VersusLong Term Climatological Mean (R = 0.65) For Period 1984-1998

(Gray and Landsea, 1999)

Figures 6.2.3 and 6.2.4 show the accuracy of the forecasts in the last fourteen years. Another
important relationship observed in these graphs is the number of hurricanes or sormsthat are

observed compared with the climatol

ogicd average.

The Colorado State forecast study segments the probabilities of each type of hurricanes per
region. Asseenin FHgure 6.2.5, Virginiaislocated in Region 9.
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Figure 6.2.5. Location of the 11 Coastal Regionsfor which Separate Probabilistic
hurricane forecasts are Made (Gray and L andsea, 1999)

As specified in Table 6.2.3, separate probabilities of impact are generated for each region. Table
6.2.3 separates the probabilities for TS (tropica storms), minor hurricanes (Category 1-2), and
intense hurricanes (Category 3-4-5).

For 1999, the following forecast was issued for the eeven regions detailed in Figure 6.2.5:

Table6.2.2. Example of Tropical Storm Forecast of 1999 Hurricane Season. (Gray and

L andsea, 1999)
Description No. of Storms
All named gorms 14
All hurricanes 9
Intense hurricanes 4

Table 6.2.2 shows how many hurricanes are predicted for the entire US region. Out of fourteen
storms predicted, nine are said to be hurricanes. Of those nine hurricanes, four are intense
hurricanes, which means that they are category three or higher. Figures 6.2.3 and 6.2.4 illudtrate
that the climatologica mean is 9 named storms and 6 hurricanes. Therefore, one can conclude
that the predicted hurricane season is a high hurricane season. In other words the 1999 hurricane
Season is 185% above normal.

For example, Table 6.2.3 gives a probabilistic hurricane forecast for the 1999 hurricane season
for the eleven (11) USregions.
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Table6.2.3. Example of Probability Forecast of 1999 Hurricane Season. (Gray and

L andsea, 1999)
Regon | TS | Caegory1-2 | Category 3-4-5
Coastal Region Gulf

1 22 30 23
2 13 10 4

3 46 29 31
4 20 10 <2

Horida Plus East Coast

5 19 7 10
6 15 27 29
7 19 8 <2
8 28 30 20
9 7 10 <2
10 5 7 11
11 7 6 <2

The forecasts of Table 6.2.3 represent the probabilities that one or more TS, H-1-2, or H-3-4-5
will strike each of the specified regions. For example, the table shows that for Region 9 which
conggts of Virginia, Maryland, and Delaware, there is a 7% probability of one or more tropical
storms striking, a 10% probability of a Category 1 or 2 Hurricane striking and aless than 2%
probability of a Category 3, 4, or 5 Hurricane striking.

The forecast isaso revised and published in April, June, and August. Thefind verification of
the forecast is published in November.

The forecasts can provide the highway agency with a characterization of the type of season to be
expected for agiven year. The season can be determined as ahigh or low year for hurricanes.

Influence Diagrams and Decision Trees

The main concerns for VDOT were the decisions concerning reserves of traffic equipment,
especidly during hurricane season.  Different techniques on decison modeling were studied.
Golub discusses the importance of defining the problem in order to make good decisions (Golub,
1997). The trade-offsin the results of decision tree will provide VDOT with severa policiesto
adopt prior to hurricane landfdl. Keeney and Raiffa (1993) discuss the use of utility theory in
order to assess the trade-offs. Y et for the document a different approach was utilized to obtain
the different policies. A multi-objective framework approach was exercised to determine the
trade-offs (Chankong, V. and Haimes, 1983, Haimes and Li, 1990, Haimes et d., 1990, Haimes,
1998, Kirkwood, 1992, Raiffa, 1968, and Steur, 1986). The “optimd” adlocations of the
resources are meant in the Pareto optimal sense where trade-offs among codts, losses, time,
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benefits, and risks are evaluated in terms of hierarchica objectives and their tempora impacts on
future options (Haimes, 1998).

Influence Diagrams

Influence diagrams represent a high-level view of adecison andyss problem. Theinfluence
diagram shows the rel ationships between the decison eements. By convention the influence
diagram is expressed chronologicdly from left to right starting with the primary decision.

The components of influence diagrams are (Golub, 1997):

Decison node: Represented by squares. A decision is defined to be a choice between two or
more dternatives.

Chance node: Represented by circlesor ovals. A chance node is dso known as an uncertain
event, which is a Stuation outside the contral of the decison maker that could result in either
of two or more possible outcomes.

Conseguence node: Represented by a diamond. The consequence aso known as an outcome
or atribute, is the different payoff from each path through the influence diagram. There can
be multiple dimensions (e.g., costs, times, l0sses) to payoff; thusit is designated as a mullti-
objective diagram.

Redationships: Arrows represent the reationships between the decison dements. The
direction of the influence arrow indicates the direction of influence from the decison to the
uncertain event.

Figure 6.2.6 isan illudtration of an influence diagram:

Chance
Node
Chance
Node
Primary Decision
Decision
Stage 0 Stage 1 Final Outcome

Figure6.2.6. Illustration of the Different Components of an I nfluence Diagram. (Golub,
1997)
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From the influence diagram one can derive adecison tree.

Decision Trees

Decision trees are one of the most commonly used tools in risk-based decision-making (Hames,
1998). Decison tree diagrams are tools that provide a clear analyss through graphical
representation of how current decisions impact future options.

Decison trees are formed by the following components:

Decision Node. Decision nodes are represented by asquare. The branches that part from
this node represent the multiple dternatives available to the decison-maker.

Chance Node. A circle represents chance nodes. The branches that part from this node
represent the possible states of nature. Each branch has a probability assgned to it.
Conseguences. Consequences, aso known as outcomes or attributes, are the different
payoffs from each path through the decision tree. There can be multiple dimensions (eg.,
costs, times, losses) to payoff, thusit is designated as a multi-objective tree.

Figure 6.2.7 isan illugtration of a decison tree:
Decision Chance States of
Node Alternatives Nodes  Nature Consequences

bl

SO
sONX
SO
SO

Figure 6.2.7. Illugration of the Different Components of a Decision Tree (Haimes, 1998)
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Modding Hurricane Impacts

I ntroduction

In this section, two critica issues that are required to support the multi- objective decison trees
areedtablished. Thefirg isto establish the amount of traffic-control equipment that experiences
hurricane winds in the Suffolk region; or in other words, the expected value of percentage of
hurricane damage to Sgns, signas and lights. The second factor isto determine the atributes to
be used in the decision tree, which are pre-hurricane preparation cog, recovery time and
recovery cost in case of ahurricane.

Potential Damage

There are different categories of hurricanes (1, 11, 111, 1V, and V) that have unique maximum
sugtained wind speeds.  The circular motion of a hurricane crestes different levels of wind
Speeds throughout an area. Also, each category of hurricane usualy has adifferent path of
destruction (diameter). Therefore, there are different norma density functions for hurricanes of
each category. Each of these functions has a mean and standard deviation that definesthe
normal digtribution.

The point estimate of maximum wind speed was inadequate across awide region for usein
impact analyss. Therefore, the characterization of maximum wind speed across aregion was
determined by the following:

The Sffir-Simpson scale detailed in Table 6.3.1 provides a description of wind behavior for
each category of hurricanes. The didtribution is assumed to be normd, like the one seenin
Figure 6.3.1. The lower tail, 5%, is roughly the same for al categories of hurricanes. The
assumption used is that the region will experience wind speeds less than or equd to 5-mph
winds. The upper tall of the didtribution is determined by the highest wind speed specified for
each of the categories in the Saffir- Simpson scale. The assumption used is that the region will
experience wind speeds 10% greater or equa than the highest wind speed specified in the Saffir-
Simpson scale. So, for example, for a Hurricane Category 3 the region would experience wind
speeds 10% greater or equa to 130-mph.

In order to caculate the mean and the standard deviation, the vaues for two percentiles are used.

The percentiles chosen were the 5" and 90", The 5 percentile is the wind speed for which 5%
of the ingtalled equipment experience less than that speed. According to the assumptions, the
90" percentile is the maximum sustained wind speed of a hurricane and the 5 percentileis 5
miles per hour. Figure 6.3.1 illustrates the 5™ percentile and the 90™" percentile.
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Area = 10%
Area = 5%

Probability Density Function

Outcom of Random Variable X

Figure6.3.1. Curvelllustrating 5" Percentile (Xs) and the 90" Per centile (Xg0)

The following are the cdculations for the mean () and standard deviation (s) (Capstone 98-99,
1999).

The following notation will be used in the caculaions.

m= Mean (mph).

S = Standard deviation (mph).

X5 = 5" percentile (mph).

Xg0 = 90" percentile (mph).

F = Standard normd cumulative distribution function (CDF)

Firgt, normdlize the 5" percentile, or Xs, by subtracting the mean from it and dividing by the

standard deviation. Sinceit isthe 5 percentile, the probability that a piece of equipment
selected a random will experience winds with speeds of a most Xs is 0.05.

Therefore,
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= Mu =0.05 Eg. 6.3.1

g s H

Solving for the mean in equation 3.1 results in the following expression:
m= X, - [F*(0.05)|s Eq. 6.3.2

Similar to Xs, the following expression represents the 90™ percentile.

O Eq. 6.3.3
g s H
Solving for the slandard deviation in equation 6.3.3 results in the fallowing:
s =X§°—'”) Eq. 6.3.4
F -1(0.90)

Subdtituting the expresson s of equation (6.6.3.4) into equation (6.6.3.2) yields.

m=X, - [ (005X -")

At Eq. 6.35
F%(0.90) a

Solve for m by conducting agebraic caculaions (multiply and divide). Solving for myidds

-1 -1
m=x,- F (0.05)X4, , F *(0.05)m Eq. 6.3.6

F-{0.90)  F*0.90)

Simplifying equétion (6.3.6) yidds:

é F(0.05)u F1(0.05) X,
4 - m=X; - Eq. 6.3.7
& F oo TFos0) ]
For clarity, let:
-1
a= w Eq. 6.3.8
F1(0.90)
Then thefind results for the mof the distribution can be expressed as follows:
m=M Eq. 6.3.9
(- a)
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Therefore, subdtituting the expresson for minto equation (6.6.3.4), yields the equation for the
gtandard deviation of the digtribution, which is asfollows.

. L-a) 5 Eq. 6.3.10
F "}(0.90)

?90_ (Xs - axgo)g

The highest maximum sustained wind speed of each hurricane category was used as the 90™
percentile. Table 6.3.1 shows the maximum sustained wind speeds for each category of
hurricane. By taking the highest maximum sustained wind speed for each category as the 90"
percentile, the worst-case scenario is being considered and the expected damage calculated from
the moddl is the greatest one could expect.

Table6.3.1. Saffir-Smpson Scale, Hurricane Wind Speed by Category (Cole, 1998).

Category Maximum Sustained Wind Speed (mph)
TS 39-74
| 74-95
[l 96-110
[l 111-130
\Y 131-155
V 156+

The 5" and 90™" percentiles for each category of hurricane arein Table 6.3.2. (Capstone 98-99,
1999).

Table6.3.2. Hurricane Scenario Definitions.

Vaue (miles per hour)
Percentile % TS I I " v \%
Upper 90 74 95 110 130 155 176
Lower 5 5 5 5 5 5 5

Notice that for Hurricane Category 5, awind speed of 176 mph had to be assumed due to the fact
that thereisno limit in this category. However hurricanes such as Hurricane Mitch (Category 5)
that struck Centrd Americain 1998 reached wind speeds of 188 mph.

129



The vaues for the mean and standard deviation for each hurricane category were calculated
using equation 6.3.8, equation 6.3.9 and equation 6.3.10. The vaues obtained can be seenin
Table 6.3.3.

Solve for ain Equation (6.3.8):

'(0.05) _ - 1645 _ 1283
Y0.90) 1.282 '

==
a=
E-

To solve for msubdtitute the values from Table 6.3.2 and the vaue of “&’ into equation (6.3.9),
0 for hurricane category 1 m=:

_ (X - aXy) _ (5- (- 1.283)(95))
m= =
(1- a) (1- (-1.283))

To solvefor s subdtitute the values from Table 6.3.2 and the value of “a’ into equation (6.3.10),
so for hurricane category 1s =:

®  (X-aXg)o @ (5 (1283(99)0
:g ©° T (1- a) ;,:g (1- (- 1.283) o_a

> F4(0.90) 1.282

The same calculations are performed for al types of storms.

Table6.3.3. Mean and Standard Deviation for the Normal Distribution of each Hurricane

Category
Parameters Vaues (miles per hour)
TS I I " vV Vv
m 44 56 64 75 89 101
S 24 31 36 43 51 58

Once the density function was found for each hurricane category, the expected equipment
damage can be calculated.

Figure 6.3.2 shows the density functions for tropica storms and the five hurricane categories.
Along the horizontad axis are the maximum sustained wind speeds that can be experienced
during a hurricane. The verticd axisis the probability dengty.

For each hurricane category, thereis arange of wind speeds to account for the fact that not every
piece of traffic-control equipment experiences the same wind speed. Each type of sign, signd
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and light is designed to experience different levels of sustained winds. In Table6.34isa
description of what maximum sustained wind speeds each generd type of traffic-control

equipment may endure.

Table 6.3.4. Ultimate Wind Velocities of Traffic Equipment (VDOT, 1997)

Damagesble Equipment Ultimate Wind Veocities (miles
per hour)
Shoulder-mounted Sgns 86
Cantilever dgns 117
Two pole span Sgns 121
Traffic Sgnds systems 99
High madt lighting Structures 111
Roadway lighting Structures 99

Another factor that affects how easily equipment is damaged isits age and condition. Also, Sgns
experience different shielding from high winds or are oriented differently (some facing the south,
others the west). One can use the functions in Figure 6.3.2 to calculate expected fraction of

equipment damage.
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Figure 6.3.2. Probability Density Functions of Wind Speed for the Five Hurricane
Categoriesand Tropical Storms

In order to calculate the fraction of damaged sgns, Sgnds, or lights the following cdculations
have to be computed:

The probakility dengty for anormd digribution is asfollows:

=100,V Vv

o(x)= ; 2; iz expgae ()(2; i2m)zg Eq. 6.3.11
The fraction of sgns damaged (f) can be explained by the following equation:

Let b =wind speed design standard (mph).

f = Q) p(xx Eq. 6.3.12

NI
S e

180
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From Table 6.3.4, ground-mounted signs can withstand sustained winds of 86 mph. The 86 mph
is consdered to be the parameter b. Therefore, the equation has to be evauated between 86 mph
and infinity, where the area under the curve is the percentage of signs that would experience
sustained wind speeds greater than 86mph. The number obtained from the calculation isthe
percentage of ground-mounted signs damaged for each type of storm.

Example

From Table 6.3.3 the following information is provided for a Hurricane Category 5:

Parameters Vaues (miles per hour)
V
m 101
S 58

Ground-mounted signs withstand a maximum of 86 miles per hour, so b = 86 miles per hour.

Therefore the norma digtribution for a Hurricane Category 5 using the values from Table 6.3.3
and subdtituting them into equation 6.3.11 is the following:

1 eqoae (x- 101)°6
Ty E 287 5

Then evauate the function accordingly using equation 6.3.12:

f = ¢ p(x)ax

* 1 & (x-101)* 6
f= Zix = 0.60
Q6sz (58)° e(p(é 2687 5

Table 6.3.5 shows the calculations for the percentage damaged of ground-mounted Sgnsthat can
withstand 86 mph winds obtained by using the mean and standard deviations given in Table
6.3.3 for each type of hurricane.
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Table 6.3.5. Percentage of Damage to Ground-mounted Signs Design, Standard of 86

Mph., for every Category of Hurricane (%)

Stuation % of Damage (D)
None 0%
TS 5%
Hurricane 1 16%
Hurricane 2 27%
Hurricane 3 40%
Hurricane 4 53%
Hurricane 5 60%

For the caculations in the tree, only the values from Table 6.3.6 are used, dways taking the
worst case scenario.

Table 6.3.6. Percentage of Damage to Ground-mounted Signsfor each Classfication of

Hurricane
Situation % of Damage (D)
None 0%
TS 5%
Hurricane 1-2 27%
Hurricane 3-4-5 60%

The percentage for each classfication of hurricane was obtained from the worst possble case of
storm within each classfication. Damage depends considerably on wind speed, but also on
storm surge and rain.  The strength of storm surge or how wet a hurricane will beis very hard to
determine or predict. The higher the surge and the higher the rainfdl, the greater the damage.

Decision Tree Attributes

There are three attributes that will be considered in each of the models: pre-hurricane preparation
cos, recovery time, and recovery cost. Each of the attributes has a different calculation which
will be described in the two following sections.

In order to caculate the recovery time and the recovery cost aflow diagram isused. Theflow
diagram method used describes the cost and amount of time that it would take to ingtdl, contract,
and produce highway sgns, sgndsand lights.

The third attribute, pre-hurricane preparation cost, relates directly to the decison process. The
pre-hurricane preparation cost reflects the cost of the first and second stage decisions of the
decision tree described in the Sequential Decison Making By Highway Agency section.
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Recovery Time and Recovery Cost

In order to begin to understand recovery time, an analysis of the stages of recovery haveto be
examined. Recovery has severd phases after ahurricane hits. VDOT has the following three
options:

Ingal sgns, sgnds and lights from the reserves on hand.
Produce more signs.
Contract Sgns, sgnds, and lights.

From these three options the diagram can be designed. The sequences of events are as follows:

Table 6.3.6. Diagram Tasks and Predecessorsfor Hurricane Recovery.

Node Name of Task Predecessor

A Hurricane hits (Start) None

B Ingal signs on-hand A

C Produce new signs A

D Ingtal new produced sgns C

E Contract new Sgns A

F Ingtall Sgns made by contractors E

G Full Recovery Achieved (End) B,D, F

From the information in Table 6.3.6 the Figure 6.3.3 can be obtained:

(B)
Install
Signson-
hand

(D)

Install new
produced
signs

G

Full
recovery
achieved

(A)
Hurricane
hits(start)

©)
Produce
new signs

F

Install signs
made by
contractors

)

Contract
new signs

Figure 6.3.3. Diagram of Hurricane Recovery Proceduresfor Repairing Damaged
Highway Signs, Signalsand Lights.
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The flow to each of the paths can be found as the percentage of signsassigned. VDOT can
determine what amount is contracted and the percent that isto be produced in-house. E.g.
Contractors would produce 70% of the new signs, while VDOT would produce 30% of the sgns.
The processis explained in Figure 6.3.4.

Assess the
number of
signs
damaged

Yes VDOT install
> signsfrom
reserves on hand

Adequate
signson
hand?

No

A 4
Determine Deficit

A 4
Assign percentage
that VDOT and
Contractors would
produce and install

v v

VDOT produces Contractor produces

and installs new and installs new

signs (path CD) signs (path EF)
Full Recovery <

Figure6.3.4. Flow Diagram of Production and Installation of Damaged Highway Signs,
Signalsand Lights
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Next, the cost and rates of production and installation were determined by the data provided by
traffic engineers of VDOT, Korman sign shop, and PIM S report.

The Richmond regiona sign shop is capable of producing 175 to 450 signs per day. Four
hundred and fifty signsthat are 30"x30” can be produced in an eight hour day, yet only 175 signs
that are 48"x48” can be produced in a day (Bridewell, 1999a).

Contractors can produce from 600 to 800 30" x30” signs per day and 400 to 500 48" x48” sgns
per day (Alexander, 1999). Usudly contractors don't conduct the ingtalation but if they did they
could ingtal 30 to 50 signs per day depending on authorization required by “Miss Utility”.

“Miss Utility” maintains a database of buried pipes and utilitiesin order to prevent damagesto
these utilities due to condtruction of new sructures, including highway sgn, sgnds, and lights.
“Miss Utility” takes about 48 hours to authorize 30 to 50 signs.

In an emergency, VDOT has the authorization to replace sgns without going through “Miss
Utility”. If new sgns need to beinddled, an emergency authorization is required, which would
take less than three hours to be approved. VDOT'singtdlation capabilities depend on the
avallahility of crews. Each crew isableto ingtal seven to eight Sgns per day or even up to 12
ggns per day. At the present time, the Richmond VDOT sign shop is only equipped with two
ingalation crews (Bdll and Lamb, 1999).

Assume that there are12,100 shoulder-mounted sgnsin the Suffolk Didtrict, estimated roughly
by consdering that there are 50 Signs per interchange and 40 per road mile of divided highway,
and that there are 212 intersections (Bridewd |, 1998) and 37.5 miles of divided highway. The
data collected is shown in Tables 6.3.7 and 6.3.8 (Capstone 98-99, 1999).

Table 6.3.7. Average Densities of Signs, Signalsand Signsin Virginia (Bridewell, 1998)

Item Average Dengity
Lights 38 per mile of road
Two-pole Span Signs 2 per interchange
Cantilever Signs 4 per interchange
50 per full interchange
Rurd Urban
15 per intersection 20 per intersection
Ground-mounted Signs 20 per Road Mile 30 per Road Mile
(undivided) (undivided)
25 per Road Mile (divided) 40 per Road Mile
(divided)
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Table6.3.8. Number of Signsby Typein Suffolk District

Equipment Type Amount Ingaled in Source of Data
Suffolk Didrict
Ground-mounted Signs 12100 Dengty from Table 6.3.7
Cantilever Signs 320 Roney (1999)
Two pole span Signs 335 Roney (1999)
Traffic Sgnd Systems 200 Pauley (1999)
High-Madt Lights 260 Meredith (1999)
Roadway Lights 4940 Dengty from Table 6.3.7

For the andysis, the following were assumed for ground-mounted signs 30" x30":

The average cost of a shoulder-mounted sign made by VDOT = $80.
The average cost of a shoulder-mounted sign made by a contractor = $180.
Actud storage capacity of VDOT is 300-500 sgns.

The mogt critica types of Signs required after a hurricane include emergency signs, sop Signs,
arrows, and detour signs (Bridewell, 1999D).

In generd, contractors charge twice or three times as much as VDOT’ s cost of producing signs,
sgndsand lights. Recent experience with floods near Culpeper proved to VDOT that
contracting was more expensive (Balderson, 1999).

The data and assumptions that have to be taken into consideration are summarized in Table 6.3.9.

Table6.3.9. Summary of Data and Assumptions Used in the Calculationsfor the Recovery
time and Recovery cost for Ground-mounted Signs 30" X 30”

Size of Sign 30" x 30"

Number of a type Sign, Signal, or Light in Suffolk = 12100]signs

Number of signs on hand 1000]signs

Contracting Cost of these types of sians ($) = 180.00

Cost for VDOT to make sian ($) = 80.00

Percentage allocated for Contractor to Produce 70%

Percentage allocated for VDOT to Produce 30%

Rate of installation of signs (Contractor) 0.0286]days/sign 35|signs/day
Rate of installation of sians (VDOT) 0.0417]days/sign 12]signs/day
Rate of Production for Contractor 0.0014]days/sign 700]|signs/day
Rate of Production for VDOT 0.0050]days/sign 200|signs/day
Number of Crews (VDOT) 2

Labor days in a week 5|days
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Due to the nature of the diagram illustrated in Figure 6.3.3, nodes C and D can be added together
to form one node cdled “Production and Ingtdlation of Sgnsby VDOT”. E and F can bedso
added together to form one node caled * Production and Ingtalation of Signs by Contractor”.
Figure 6.3.5 illugtrates the summarized diagram of a hurricane recovery procedure.

(A)
Hurricane
hits(start)

(C+D)
> Production and

installation of
signs by VDOT

(E+F)

Production and
installation of
signs by VDOT

Figure 6.3.5. Simplified Diagram of Hurricane Recovery Proceduresfor Repairing
Damaged Highway Signs, Signalsand Lights.

The objective of the diagram illudirated in Figure 6.3.3 isto find the maximum time and cost to
achieve full Sgn recovery after ahurricane gtrikes. The following equations gpply in order to
find the maximum time and cogt to achieve recovery.

It is assumed if the quantity on hand is less than or equa to the number of damaged signs, then
the reserves used are the ones on-hand and none have to be manufactured.

Using Figure 6.3.3 and Figure 6.3.4, the following calculations can be done to derive the
recovery time and recovery cost.

Notation;

S=Totd number of Sgnsingdled in the region (3gns).

D = Percentage of damage that a storm can cause (values come from Table 6.3.6) (%).
A = Actud number of sgnson hand in VDOT (sgns).

N = Potentid number of Sgns dameaged (Sgns).

Py = Percentage of new signs assigned to be produced and ingaled by VDOT in case of
ahurricane (%).

Pc = Percentage of new signs assigned to be produced and installed by a contractor in
case of a hurricane (%).

D = Number of labor daysin aweek (days'week).
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Iy = Ingdlation rate for VDOT (days/'sgn).

lc = Ingtdlation rate for a contractor (days/sign).

Rv = Production rate for VDOT (days/sign).

Rc = Production rate for a contractor (days/sign).

Cv = Cost of production and ingtdlation for VDOT ($).

Cc = Cogt of production and ingtallation for a contractor ($).

Ts = Recovery time for node B, ingdl sgns on-hand (days).

Tep = Recovery time for path CD, VDOT ingdling and producing new signs (days).
Ter = Recovery time for path B, contractors ingtaling and producing new signs (days).
Cs = Recovery cod for node B, indal signs on-hand ($).

Ccp = Recovery cost for path CD, VDOT ingtaling and producing new signs ($).
Cer = Recovery codt for path EF, contractors ingtalling and producing new signs ($).
Er = Expected recovery time (weeks)

Ec = Expected recovery cost ($)

First the potentia number of signs damaged (N) has to be caculated. The potential number of
sgnsdamaged (N) isequd to the totd number of signsingdled in aregion (S) timesthe
percentage of damage (D). The equation can be expressed as follows:

N=S*D (Signs) Eq. 6.3.13

Node B, ingdling Sgns on-hand, adheres to the following rules:
If the potentia number of Sgns damaged isless than or equd to the actua number of sgnson

hand in VDOT (N £ A) then:

The recovery time for node B is equd to the potential number of signs damaged times the
ingalation rate at VDOT divided by the number of labor daysin aweek.

_N*,

T 5

(Weeks) Eq. 6.3.14

The recovery cost for node B is equd to the potentid number of Sgns damaged timesthe
cost of production and ingalation for VDOT.

C; =N*C, (6] Eg. 6.3.15
Else

The recovery time for node B is equd to the actua number of Sgnson hand in VDOT times
theingdlation rate for VDOT divided by the number of labor daysin aweek.

(Weeks) Eq. 6.3.16
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The recovery cost for node B is equd to the number of signs on hand in VDOT times the cost
of ingdlation for VDOT.

Cs = A*C, %) Eg. 6.3.17
Path CD, VDOT ingdling and producing new sgns, adheres to the following rules:
If the potentid number of signs damaged is less than the actua number of sgnson hand (N £ A)
then:

The recovery time for path CD, for VDOT producing and ingtdling new signs, isequd to
zero.

T, =0 (Weeks) Eq. 6.3.18

The recovery cogt for path CD, for VDOT producing and ingaling new signs, is equa to
zero.

Cep =0 %) Eq. 6.3.19
Els=

The recovery time for path CD, for VDOT producing and ingtaling new signs, is equa to the
percentage assigned for VDOT to produce new signs multiplied by the difference of the
actua number of sgns on hand and the potentid number of Sgns damaged. The result isthen
multiplied by the summation of the production and ingalation ratesfor VDOT divided by

the number of |abor days.

= BN AP ) 0 5320

The recovery cost for path CD, for VDOT producing and ingaling new sgns, isequd to the
percentage assigned for VDOT to produce new signs multiplied by the difference of the
actua number of sgns on hand and the potentia number of signs damaged. Theresult is
multiplied by the cost of production and ingdlation for VDOT .

Ceo =(R*(N- A)*C, $) Eq. 6.3.21
Peth EF, contractors ingtdling and producing new signs, adheres to the following rules:
If the potentid number of Sgns damaged is less than the actud number of sgnsonhand N £ A
then:
The recovery time for path EF, contractors produce and ingtal new signsis equd to zero.
T =0 (Weeks) Eq. 6.3.22
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The recovery cost for path EF, contractors produce and install new signsis equd to zero.

C. =0 %) Eq. 6.3.23

The recovery time for path EF, contractors produce and ingtal new signsis equd to the
percentage assigned for contractors to produce new signs multiplied by the difference of the
actud number of Sgns on hand and the potential number of Sgnsdamaged. Theresult is
multiplied by the summation of the production and ingtalation rates for contractors divided
by the number of labor days.

T, = (R* (N - A[)))* (Re +1c) (Weeks) Eq. 6.3.24

The recovery cost for path EF, contractors produce and ingall new signsis equd to the
percentage assigned for contractors to produce new signs multiplied by the difference of the
actud number of Sgns on hand and the potential number of Sgnsdameged. Theresult is
multiplied by the cost of production and ingtdlation for contractors.

Cer =(R.*(N- A))*C, ©) Eq. 6.3.25

To atain the expected recovery time and the recovery cost the following calculations are
executed:

To attain the expected recovery time, select the maximum vaue from the recovery time a node
B, CD and EF. Thedigtrict will not be fully recovered until al tasks are completed thisis why
the maximum recovery time dl three paths is selected.

E = max(T,, Tep T ) (Weeks) Eq. 6.3.26

To attain the expected recovery cost, add the vaues of recovery cost at node B, CD and EF. The

costs of dl paths are added because the total amount that isincurred by VDOT and paid to the
contractorsis the total recovery cost.

E. =C; +C, +Cit (€3] Eqg. 6.3.27

An exercise was conducted from the data about production and ingtdlation of 30" x 30" ground-
mounted signsfor VDOT and contractorsin Table 6.3.9, which generates the datain Table
6.3.10. The datain table 6.3.10 was used to obtain the recovery time and the recovery cost for
severd number of signs damaged. The exercise helps to understand the relationships between the
number of signs damaged , recovery time, and recovery cost.
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Table 6.3.10. Sample Data for Recovery time and Recovery cost Obtained from the
Calculations Derived from Figure 6.3.3.

Number of JTime to Install| Time to Produce| Time to Produce Cost to Install Cost to Produce | Cost to Produce | Expected Time | Expected Cost
Signs Signs on and Install Signs| and Install Signs|Signs on Hand (B)| and Install Signs| and Install Signs Recovery of Recovery
damaged Hand (B) (VDOT) (C+D) | Contractor (E+F) ($) (VDOT) (C+D) | Contractor (E+F) (weeks) %)
(weeks) (weeks) (weeks) (6] %
0| 0.00 0.00 0.00 0 0 0 0.00 0
100 0.83 0.00 0.00 8.000 0 0 0.83 8.000
200 1.67 0.00 0.00 16,000 0 [§) 1.67] 16,000
300 2.50 0.00 0.00 24,000 0 (o) 2.50] 24,000
400 3.33 0.00 0.00 32,000 0 0 3.33 32,000
500 417 0.00 0.00 40,000 0 [0) 417 40,000
600 5.00 0.00 0.00 48,000 0 8 5.00] 48,000
700 5.83 0.00 0.00 56,000 0 0 5.83] 56,000
800 6.67 0.00 0.00 64,000 0 0 6.67] 64,000
900 7.50 0.00 0.00 72,000 0 [§) 7.50] 72,000
1000 8.33 0.00 0.00 80,000 0 (o) 8.33 80,000
1100 8.33 0.28 0.42 80,000 2,400 5,400} 8.33 87.800
1200 8.33 0.56 0.84 80,000 4.800 10.800] 8.33 95.600
1300 8.33 0.84 1.26 80,000 7,200 16,200 8.33 103,400
1400 8.33 112 1.68 80,000 9,600 21,600 8.33 111,200
1500 8.33 1.40 2.10 80,000 12,000 27,000 8.33 119.000
1600 8.33 1.68 2.52 80,000 14,400 32,400 8.33 126,800
1700 8.33 1.96 2.94 80,000 16,800 37,800 8.33 134,600
1800 8.33 2.24 3.36 80,000 19,200 43,200 8.33 142.400
1900 8.33 2.52 3.78 80,000 21.600 48,600 8.33 150.200
2000 8.33 2.80 4.20 80,000 24,000 54,000 8.33 158,000
2100 8.33 3.08 4.62 80,000 26,400 59,400 8.33 165,800
2200 8.33 3.36 5.04 80,000 28,800 64,800 8.33 173,600
2300 8.33 3.64 5.46 80,000 31,200 70,200 8.33 181,400
2400 8.33 3.92 5.88 80,000 33,600 75,600 8.33 189,200
2500 8.33 4.20 6.30 80,000 36,000 81,000 8.33 197.000
2600 8.33 4.48 6.72 80,000 38.400 86.400 8.33 204.800
2700 8.33 4.76 7.14 80,000 40,800 91,800 8.33 212,600
2800 8.33 5.04 7.56 80,000 43,200 97,200 8.33 220,400
2900 8.33 5.32 7.98 80,000 45,600 102,600 8.33 228.200
3000 8.33 5.60 8.40 80,000 48,000 108,000 8.40| 236,000
3100 8.33 5.88 8.82 80,000 50,400 113,400 8.82) 243,800
3200 8.33 6.16 9.24 80,000 52,800 118,800 9.24 251,600
3300 8.33 6.44 9.66 80,000 55,200 124.200] 9.66 259,400
3400 8.33 6.72 10.08 80,000 57,600 129,600 10.08} 267,200
3500 8.33 7.00 10.50 80,000 60,000 135,000 10.50 275,000
3600 8.33 7.28 10.92 80,000 62,400 140,400 10.92] 282,800
3700 8.33 7.56 11.34 80,000 64,800 145,800 11.34] 290,600
3800 8.33 7.84 11.76 80,000 67,200 151,200 11.76} 298,400
3900 8.33 8.12 12.18 80,000 69.600 156,600 12.18 306,200
4000 8.33 8.40 12.60 80,000 72.000 162.000] 12.60f 314,000
4100 8.33 8.68 13.02 80,000 74,400 167,400 13.02 321,800
4200f 8.33 8.96 13.44 80,000 76.800 172,800 13.44] 329.600
4300 8.33 9.24 13.86 80,000 79,200 178,200 13.86 337,400
4400 8.33 9.52 14.28 80,000 81,600 183,600 14.28] 345,200
4500 8.33 9.80 14.70 80,000 84,000 189,000 14.70) 353,000
4600 8.33 10.08 15.12 80,000 86,400 194,400 15.12] 360,800
4700 8.33 10.36 1554 80,000 88.800 199.800) 15.54] 368.600
4800 8.33 10.64 15.96 80,000 91,200 205,200 15.96 376,400
4900 8.33 10.92 16.38 80,000 93,600 210,600 16.38 384,200
5000 8.33 11.20 16.80 80,000 96.000 216,000 16.80 392,000

From the datain Table 6.3.10,

Figures 6.3.6, 6.3.7, 6.3.8, 6.3.9 and 6.3.10 were generated:

143



40.00

35.00

30.00

25.00

20.00

15.00

10.00

Expected time to recover (weeks)

5.00

0.00
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Number of signs damaged (signs)

Figure 6.3.6. Expected Recovery time (weeks) Versus Signs Damaged (signs)

Figure 6.3.6 shows that the more signs that are damaged, the more time it takes to recover. At
the beginning of the graph the dope is much lower due to the fact that there are Sgns on hand.
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Figure 6.3.7. Expected Recovery cost ($) Versus Signs Damaged (signs)

Likewise Figure 6.3.7 shows how the cost increases as the number of signs damaged increases.
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Figure 6.3.8. Recovery time (weeks) for all Three Pathsin Figure 6.3.5

Figure 6.3.8 is a comparison of the three branches of Figure 6.3.3, which includes recovery time
by ingdling exigting reserves, contracting, and producing in-house. For example, if 3,500 Sgns
were damaged, the maximum of al three paths is selected in order to determine the recovery

time, which would be 10.5 weeks (Equation 3.26). Thetasksare pardld. While VDOT would
be ingaling signs from the reserves on-hand, VDOT and contractors would be producing and
ingdling the deficit. Therefore, as seen in Figure 6.3.8, it would take VDOT gpproximately

eght weeks to ingtal the on-hand reserves. The remaining 2,500 signs would be distributed
between the contractors and VDOT. If the contractors were assigned to produce and install 70%
of the 2,500 signs according to Figure 6.3.8 they would take 10.5 weeks. The other 30%
assigned to VDOT would take gpproximately eight weeks.

145



500,000.00

450,000.00

—o— Cost to Install Signg
on Hand (B)

400,000.00
350,000.00

300,000.00

—a— Cost to Produce
and Install Signs
(vDOT) (C+D)

250,000.00

200,000.00

Cost to recover ($

150,000.00

100,000.00
—a— Cost to Produce
and Install Signs

50,000.00 Contractor (E+F)

0.00

-50,000.00

Signs damaged (signs)

Figure 6.3.9. Recovery cost ($) for all Three Pathsin Figure 6.3.3

Figure 6.3.9 compares the recovery codts of three dternatives. indaling existing reserves,
contracting, and producing in-house. For example, if 3,500 signs were damaged, al three paths
have to be added in order to determine the recovery cost, which would be $60,000 plus $80,000
plus $135,000 for atotal of $275,000 (Equation 6.3.27).

In the same manner the data is obtained to calculate the outcomes for the decison tree.

One criticd issue that contributes to the recovery timeisthe inddlation time. The ingdlation
time is dependent on the number of crews inddling the traffic control equipment. In Figure
6.3.10, the relationship of crews versus the ingtalation time may be seen. Figure 6.3.10 assumes
that 9,000 signs were damaged.
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As seenin Figure 6.3.10, the more crews there are to ingtd| the damaged sgns, the lesstime it
would take to ingdl the Sgns.

Pre-Hurricane Preparation Cost

The decison model contemplates two decision stages explained in the “ Sequentia Decision
Making By Highway Agency” section. Thefirg stage is the long-term administrative decision,
such as building awarehouse that would cost $650,000 (if the annual cost is 5% of the total cost
then the annualized cost would be $32,500). The second stage is the short-term operationd
decision, which isincrementally increasing the production of ground-mounted signs 30"x 30" by
10%.

Pre-hurricane preparation cost is determined by the cost of the long-term decision plus the short-
term decison.

C,=C_+C, ) Eq. 6.3.28
Where:
Cr = Pre-hurricane preparation cost ($)

C_ = Co4t of implementing the long-term decision (Stage 1) ($).
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Cs = Codt of implementing the short-term decision (Stage 2) ($).

CL = Annudized cogt of implementing the long-term decision.

Cogt of implementing the short-term decision is the increment of sgns multiplied by the cost to
VDOT.

Short Term Cost = C, = (A* X)* C, %) Eqg. 6.3.29
Where

A= Actud number of sgnson hand in VDOT (3gns).

X= Percentage of increment of production in stage 2 option (%6).

Cyv= Cost to VDOT producing the signs ($).

SUmmary

Damage and attributes are required for the development of the models. First the damage hasto
be assessed to determine the recovery time and the recovery cost. Then the pre-hurricane
preparation cost is calculated. Once dl the attributes are determined the mode can be used and
the folding back process of the decision tree may begin, as described in the next section.
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Sequential Decison M aking By Highway Agency

I ntroduction

In this section, a sequentia decison modd isexplained in detall. Themodd isusedtoadin
managing reserves of damageable equipment. Thefirgt part of this section of the chapter details
the assumptions and data utilized in the sequential decision making example used in this section.
The second section discusses the decison mode, which utilizes long-term forecast with the use
of higtoricd data. The last section shows dl the caculations and results from the example and a
brief explanation on how to interpret them.

Assumptions and Data

This section contains revant information that gpplies directly to the model and is derived from
the procedures discussed in the “Modding Hurricane Impacts’ section. In order to etablish the
decison models, firgt the influence diagrams have to be established in order to view the
relationships between the decision nodes, chance nodes, states of nature and consequences.

The modd is drawn from the following influence diagram, which isillugtrated in Figure 6.4.1.

Outcomes
(Attributes)

Stage 2 Decision

Forecast (Short-term)

A

Stage 1 Decision
(Long-term)

Figure6.4.1. Influence Diagram for the Decision M odel

The Stage 1 options refer to the adminigrative, long-term decisions and the Stage 2 options refer
to the operationa, short-term decisons that are made by the highway agency after receiving a
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seasond hurricane forecast. The event of a storm influences the outcome and the forecast
(whether it ishigtorical or projected). Then, the event of the forecast influences the Stage 2
decision, but not the Stage 1 long-term decision, because the Stage 1 decision is made prior to
any forecast. The Stage 1, long-term decision influences the Stage 2, short-term decision,
because the long-term, administrative decison affects the options available at Stage 2. For
example, if at Stage 1 the decison-maker decided to build awarehouse, then at Stage 2 the
decision maker will not be limited by storage capacity of reserves and would therefore have the
ability to increase production more than if the warehouse wasn't built. Both Stage 1 and Stage 2
decigons influence the outcome.

Once the relationships are established, one can proceed to establish the options for Stages 1 and
2.

The following information describes three different options that can be entered in the decision
tree:

Stage 1, option 1: The long-term decison to implement awarehouse and the annudized cod,

which is a percentage (5%) of the total cost, would be $32,500.00 (Warehouse cost — 10,000 sq.

ft. at $65 per q. ft.; 10,000 5. ft. x $65 = $650,000). Having a new warehouse would alow
greater production. InStage 2, VDOT would decide to produce and store either 0, 10% or 20%
after hearing the seasonad forecast.

Stage 1, option 2: The decison isto build asmaller warehouse. If the warehouse is hdf the sze
of the onein Stage 1, option 1, then the annualized cost would be $16,250. Because of the
restricted area, VDOT cannot produce in the same quantities as option 1. Therefore, VDOT
could decide in Stage 2 based on the seasona forecast to store between a 0% or 10% level of
reserves.

Stage 1, option 3: This option suggests that VDOT maintain the current capacity. With this
restricted capacity VDOT could decide between much lower strategies of increasing productions
prior to hurricane strike. The Stage 2 decision can be between 0% or 5%.

Summary of the data described above is shown in Table 6.4.1:

Table6.4.1. Summary of Adminigtrative and Operational Data Used in the Example for

Decision M odels

Stage 2
0% 5% 10% | 20%
Option1 | Large- 35,000 Yes No No Yes
Stagel | Option2 | Smdl - 16,200 Yes No Yes No
Option3 | Same- 0 Yes Yes No No
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Hurricane Decison Model. Planning for Operation

The planning for an operation modd utilizes higtoricd datato evauate different policies by
determining the probabilities of atype of storm being the worst case scenario given ahigh or low
hurricane season.  The modd described in this section is caled “Planning for Operation.”
“Panning for Operation” decisions are made on the basis of long historica records
(climaologica data).

Decision Tree for Planning for Operation

Figure 6.4.2 illugirates the plan for operation decison modd.

?\\,\\@(\\

"‘TLOW]

Stage 1

pﬂ%j
Storage/
production Storm
capacity Forecast Level of reserves severity

Figure 6.4.2. Sequential Decison Making Model, Planning for Oper ation
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Notation:

P[High] = The probability of a high hurricane season.

P[LOM = The probability of alow hurricane season.

P[H 1- 2\N|High] = The probability that a Hurricane 1 or 2 is the word sorm given a high
hurricane season.

P[H 3- 4- 5N|High]: The probability that a Hurricane 3, 4, or 5 is the worst sorm given a
high hurricane season.

P[Nothi ng| High] = The probability that no storms occur given a high hurricane season.

P[H 1- 2\N|Low] = The probability that a Hurricane 1 or 2 is the word sorm given a low
hurricane season.
P[H 3- 4- 5N| LOM = The probability that a Hurricane 3, 4, or 5 is the worst sorm given a low
hurricane season.

P[Nothi ng| LOM = The probability that no storms occur given alow hurricane season.

The planning for an operation decision tree is divided into two Stages. The Stage 1 decision
reflects the long-term decison. These include any of the adminigtrative decisions made prior to
a hurricane season such as increasing warehouse capacity. The options are described in Table
6.4.1.

After thefirst Stage decison thereis a chance node.  The chance node represents whether the
year that is being considered is a high hurricane season year or alow hurricane season year. The
probability of high yearsis 0.5 and the probability of low yearsis 0.5. Assume that aforecaster
can discriminate seasons Smilar to the worst haf from seasons similar to the best half based on
historical record. The probahilities of high and low years are the forecast probabilities. One
might take any forecast of Gray and Landsea (1999) that exceeds the climatologica averageto
be a* high” season, for example.
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Table 6.4.2. Seasonal Forecast Probabilities

Forecast Probability
P[High] 50%
PLow] 50%

Depending on the kill of the forecaster, one could also choose to divide the historical record as
the worst 30% and best 70%, etc. For this example, the divison of the record in two haves as
indicated from Table 6.4.2 is used.

The second Stage of the decision treeis the operationd decision. The operationa decision can
be increasing seasond production by a certain percentage (5%, 10%, etc). The available options
are directly dependent on the first Stage decison. The optionsin Stage 2 are also described in
Table 6.4.1.

After the second Stage decision thereis another chance node. The branches of the chance node
represent the probability of certain scorm type being the worst siorm in a specific year given that
it isahigh or low hurricane season. The method of caculating the probabilities for these
branches can be seen below.

In the decision mode tropica stormswill not be taken into consideration because the damage
that they cause to highway equipment isminimd. Also, for smplification purposes, hurricanes
were grouped together according to intensity. Hurricanes that have a category of 3, 4 or 5 were
consdered intense hurricanes, which can cause sgnificant damage. Hurricanesthat have a
category 1 or 2 are less severe hurricanes.

Calculations and Results

Severa calculations need to be performed in order to determine the probabilities specified in the
decison modd illustrated in Figure 6.4.2. The first caculation required is to determine the
number of high and low years given the historica data provided by the Nationd Hurricane
Center (NHC). The databeing used is detailed in Table 6.1.3.

In order to make the caculations more clear, examples are given below.

Information from Table 6.1.3 is described in Table 6.4.3;
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Table6.4.3. Sample Data from Table 6.1.3, Detailing the Number of Each Type of
Hurricanesfor Virginiaand Florida from 1900 to 1996. (NHC, 1999)

State Number of Hurricanes 1-2 Number of Hurricanes 3-4-5
Virginia 3 1
Horida 33 34

The years considered are 1900 to 1996. Therefore 97 years are observed. As before, consider
that the forecaster can discriminate future years as the worst hdf of the yearsin the record or
from the best hdf. Thefirst step isto partition the historica records in two halves, high years
(50% of years) and low years (50% of years). Therefore, for the example, the high years are
equal to 49 (97 years* 0.50 = 49) and the low years are equal to 48, which isthe remainder of
the total number of years. Assume that the forecaster can decide whether the next year comes
from the high or low higorical year.

After determining the number of high and low years estimate the probability of a storm occurring
giventha itisahigh or alow year.

Where:
S = Number of storms occurring from Table 6.4.3.
N = Number of high years.
L = Number of low years.
H1-2 = Hurricane 1 or 2.
H3-4-5 = Hurricane 3, 4, or 5.
H3-4-5 = Hurricane 3, 4, or 5.
H1-2wW = Hurricane 1 or 2 isthe worst storm.
H3-4-5W = Hurricane 3, 4, or 5 isthe worst scorm.
H1- 2 = No Hurricane 1 or 2.
H3-4-5 = No Hurricane 3, 4, or 5.
For this example:
N =49
L =48

If the number of atype of storm exceeds or isequa to the number of worst years then the
probability of a storm occurring given ahigh yeer is etimated as follows.

(s- N)-1
N

P[Storrrj High years] _S- Eq. 6.4.1

or
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P[Storrrj High years] _N-1 Eq. 6.4.2

For example suppose that the total number of Hurricanes 1-2 in Florida was 52; then subdtitute

into equation 6.4.1:

52- (52- 49)- 1
49

P[H1- 2High years|= = 0.979

If the number of atype of storm does not exceed the number of worst years, then we say that the
probability of a storm occurring given ahigh year is esimated as follows:

P[Storn1 High years] = S Eq. 6.4.3
Therefore, with equation 6.4.3, the probabilities can be calculated for both FHoridaand Virgnia
Virginia

. 3
P[H1- JHigh years|= g =0.062

: 1

P[H3- 4- §High years|= 25 =002
Florida

P[H1- 2High years] = j—g =0.680
34

P[H3- 4- gHigh years] =5 =0701

In order to caculate the probabilities of sorms that occur in the low years, then:

If the number of sorms minus the high yearsis greater or equa to the number of low years, then:
Firgt check if the probability of the number of sorms minus the number of high years divided by
the number of low yearsis greater than or equd to one. If so, then the probability of a storm
occurring given alow year is estimated asfollows:

P[Storm|Low years] = LTl Eq.6.4.4

Els=
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_S-N

P[Storrd Low years| = — Eq. 6.4.5

If the number of gorms minus the high yearsis less than the number of low years, then

P[Storn'{ Low years]| = % Eq. 6.4.6

For both gates, Virginiaand Forida, the number of sorms minus the high yearsis not greater
than the number of low yearsfor either case. So the probakilities are as follows using equation
6.4.6:

Identica results gpply to Virginiaand Horida

P[H1- 2Low years|= 4i8 =0.021

P[H3- 4- 5lLow years|= 4—18 =0.021

Table 6.4.4. Summary Data from Calculations of the Probabilitiesthat a Storm would
Strike Given aHigh or Low Year for Virginiaand Florida Example

Virginia Florida
Storm High Low High Low
H1-2 0.062 0.021 0.680 0.021
H3-4-5 0.020 0.021 0.701 0.021

Table 6.4.4 shows a data summary of dl the caculations of the probabilities that various sorms
would occur given ether ahigh or low year for the Virginiaand Horida example.

Once these cd culations have been performed, oneis able to calculate the probabilities of astorm
being the worgt orm given atype of year (high or low).
The cdculations are as follows.

The probability of a category lor 2 hurricane as the worst sorm given athat it isahigh yeer is

equd to the probability of acategory 1 or 2 hurricane and not a category 3,4, or 5 hurricane
giventhat itisahigh year.

P[H1- 2W|High year]= P| H1- 2G H3- 4- 5|High year | Eq. 6.4.7
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The previous equation can aso be written as:

P|H1- 2w|High year| =

P[Hl- 2\|—|3-—4-5, High year] P[|_|3_—4_q High year] Eq. 6.4.8

Assuming that hurricanes of various severities are independent events, then equation (6.4.8) can
be smplified as

P[H1- 2w|High year|=

Eqg. 6.4.9
P H1- 2High year | P| H3- 4- SHigh year |
Equation 6.4.9 can be written asfollows:
P[H1- 2W|High year]=
| [High year| Eq. 6.4.10

P[ H1- 2High year |{1- P[ H3- 4- SHigh year |
The probability of a category 1or 2 hurricane as the worst storm given that it isalow year is

equal to the probability of a category lor 2 hurricane and not a category 3,4, or 5 hurricane given
that itisalow year.

P H1- 2W|Low year |= P| H1- 2G H3- 4- §Low year | Eq. 6.4.11
Equation 6.4.11 can be written as follows:

P| H1- 2W|Low year |=

_ S Eq. 6.4.12
P[ H1- 2H3- 4-5,Low year ]P[HB- 2~ 5Low year |

Assuming that hurricanes of various severities are independent events, then equation (6.4.12) can
be smplified as

P[H1- 2W|Low year |= P[H1- 2JLowyear|P[H3- 4- HLowyear|  Eq 6413
Equation 6.4.13 can be written as follows:

P[H1- 2w|Low year|=
Eq. 6.4.14
P[Hl- 2|Low year]{l- P[H3- 4- 5||-0W year]}

The probability of a Category 3,4, or 5 Hurricane as the worst storm given that it isa high yeer is
equal to the probability of a Category 3,4, or 5 Hurricane and not a Category 1or 2 Hurricane
gventhat itisahigh year. The equation can be written asfollows:
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P[H3- 4- 5W|High year| =

P[HB- 4- 5|High year]{l- P[Hl- 2|High year]} Eqg. 6.4.15

Eq. 6.4.15 is derived using the same method utilized in deriving Eq. 6.4.10.

The probability of a Category 3,4, or 5 Hurricane as the worst gorm given that it is alow year is
equal to the probability of a Category 3,4, or 5 Hurricane and not a Category 1or 2 Hurricane
giventha itisalow year. The equation can be written as follows:

P[H3- 4- 5W|Low year] =

P[H3- 4- 5Low year]{1- P[H1- 2|Low year]} Eq.6.4.16

Eq. 6.4.16 is derived using the same method utilized in deriving Eq. 6.4.14.
In order to caculate the probability of nothing happening for high and low years then:

The probability of nothing happening given ahigh year is equd to one minus the result from
equation 6.4.10 and the equation 6.4.15:

P[Nothing|High years] =

Eq. 6.4.17
1- P[H1- 2W|High years|- P[H3- 4- BW|High years

The probability of nothing happening given ahigh year is equd to one minus the result from
equation 6.4.14 and the eguation 6.4.16:

P[Nothi ng|Low years| =

Eq. 6.4.18
1- P[H1- 2W|Low years|- P[H3- 4- 5W|Low years]

Using equations 6.4.10, 6.4.14, 6.4.15, 6.4.16, 6.4.17, and 6.4.18, the following results can be
derived for both Virginiaand Florida, which are summarized in Table 6.4.5:

158



Table6.4.5. Summary of Probability Results Used in Decision Model for Virginiaand
Florida Examples (Storm Severity Probabilities)

Nothing Hurricane 1-2 isworst Hurricane 3-4-5 isworst
State High Low High Low High Low
(EQ. (EQ. (Eq.6.4.10 (EQ. (EQ. (Eg. 6.4.16)
6.4.18) 6.4.17) ) 6.4.14) 6.4.15)
Virginia 0.920 0.959 0.061 0.021 0.019 0.021
Florida 0.573 0.959 0.203 0.021 0.224 0.021

Once dl the dataiis gathered, proceed to do dl the caculations using the decison model. The
decisgon tree data is shown in Table 6.4.6, and the chance node probabilities are given in Tables
6.4.2 and 6.4.5:
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Table6.4.6. Summary of Decison Model Data for Decison Model No. 1, Planning for

Operation

Stage 1| Season Stage2 Storm Preparation Cost to Time to

Cost ($) recover ($) recover

(weeks)
Option 1 [High Option 1 ]Nothing 32,500 0 0.00
Option 1 |High Option1 H1-2W 32,500 420,050 9.52
Option 1 |High Option1 JH3-4-5W 32,500] 1,019,000 26.29
Option 1 [High Option 2 [Nothing 48,500 0 0.00
Option 1 [High Option2 H1-2W 48,500 390,050 8.68
Option 1 [High Option 2 |H 3-4-5 W 48,500 839,000 21.25
Option 1 |Low Option 1 |Nothing 32,500 0 0.00
Option 1 |Low Option1 JH1-2W 32,500 420,050 9.52
Option 1 |Low Option1l JH3-45W 32,500/ 1,019,000 26.29
Option 1 |Low Option 2 |Nothing 48,500 0 0.00
Option 1 |Low Option2 |H1-2W 48,500 390,050 8.68
Option 1 |Low Option2 [H3-4-5W 48,500 989,000 25.45
Option 2 |High Option 1 |Nothing 16,250 0 0.00
Option 2 |High Option1l H1-2W 16,250 420,050 9.52
Option 2 |High Option1 JH3-4-5W 16,250] 1,019,000 26.29
Option 2 [High Option 2 ]Nothing 24,250 0 0.00
Option 2 |High Option2 H1-2W 24,250 405,050 9.10
Option 2 |High Option2 |H3-4-5W 24,250] 1,004,000 25.87
Option 2 |Low Option 1 ]Nothing 16,250 0 0.00
Option 2 |Low Option1l JH1-2W 16,250 420,050 9.52
Option 2 [Low Option1l JH3-45W 16,250] 1,019,000 26.29
Option 2 [Low Option 2 |Nothing 24,250 0 0.00
Option 2 |Low Option2 H1-2W 24,250 405,050 9.10
Option 2 |Low Option 2 |H 3-4-5W 24,250 1,004,000 25.87
Option 3 |High Option 1__INothing 0 0 0.00
Option 3 |High Option1l H1-2W 0 420,050 9.52
Option 3 |High Option1 JH3-45W 0] 1,019,000 26.29
Option 3 |High Option 2 |Nothing 4,000 0 0.00
Option 3 [High Option2 H1-2W 4,000 412 550 9.31]
Option 3 |High Option2 |H3-4-5W 4,000] 1,011,500 26.08
Option 3 |Low Option 1 |Nothing 0 0 0.00
Option 3 |Low Option1l JH1-2W 0 420,050 9.52
Option 3 |Low Option1 |H 3-4-5W 0] 1,019,000 26.29
Option 3 |Low Option 2 |Nothing 4,000 0 0.00
Option 3 |Low Option2 JH1-2W 4,000 412,550 9.31
Option 3 |Low Option 2 |H3-4-5W 4,000] 1,011,500 26.08

The first computation in the decison modd isto do dl the caculaions for Stage 2 in the

decison tree.
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The solution procedure begins by ca culating the expected vaues at the Stage 2 decision nodes.
In Figure 6.4.3 illustrates a section of one of the decison nodes at Stage 2.

P[H1-2W | Low]

P H3-45W |Low]

\W]

P[H1-2W|L

Stage 2

A H345W]|Low]
PiNotaing | Low]

Figure 6.4.3. Diagram of Stage 2 Decision of the Decision M odel

The evaluations for the decision tree were only conducted for ground-mounted Sgns. Different
times and cost to produce and ingtdl apply to different types of traffic-control equipment.
Results will vary accordingly. Each attribute, preparation cog, recovery time, and recovery cost
ismultiplied by the corresponding branch probability to estimate the expected vaue of
payoff/outcome.

Theresults can be detailed in Table 6.4.7. Asseenin Table 6.4.7, each path leading to each
decison is caculated.
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Table 6.4.7. Calculationsand Results of Expected Values (Pre-Hurricane Preparation

Cost, Recovery time and Recovery cost) at Stage 2 in the Decision M odel

Stage 1 | Season | P[Forecast] | Stage2 Storm P(Storm | Preparation| Cost to | Time to| E(Preparation | E(Cost to | E(Time to
is worst) Cost ($) recover | recover Cost) ($) recover) | recover)
($) (weeks) 6] (weeks)
Option 1 |High 0.5(Option 1  |Nothing 0.573 32,500 0 0.00
Option 1 |High 0.5|Option1 |H1-2W 0.203 32,500] 420,050 9.52 32,500] 313,745 7.83
Option 1 IHigh 0.5|0ption1 |H 3-4-5W 0.224 32,500 1,019.000 26.29
Option 1 |High 0.5|Option 2 |Nothing 0.573 48,500 0| 0.00
Option 1 |High 0.5|Option2 |H1-2W 0.203 48,500] 390,050 8.68 48,500 267,315 6.53
Option 1 JHigh 0.5|0ption2 _|H 3-4-5 W 0.224 48,500] 839,000 21.25
Option 1 |Low 0.5(Option 1  |Nothing 0.959 32,500 0 0.00
Option 1 |Low 0.5|Option1 |H1-2W 0.021 32,500 420,050 9.52 32,500 29,658 0.74]
Option 1 JLow 0.5|0ptionl |H3-4-5W 0.021 32,500 1,019,000 26.29
Option 1 |[Low 0.5|Option 2 |Nothing 0.959 48,500 0 0.00
Option 1 |Low 0.5|Option2 |H1-2W 0.021 48,500] 390,050 8.68 48,500 28,421 0.70
Option 1 |Low 0.5[Option2 |H 3-4-5W 0.021 48,500] 989,000 25.45
Option 2 |High 0.5(Option 1  |Nothing 0.573 16,250 0 0.00
Option 2 |High 0.5|Option1 |H1-2W 0.203 16,250 420,050 9.52 16,250 313,745 7.83
Option 2 JHigh 0.5|0ption1 |H 3-4-5W 0.224 16,250| 1,019,000 26.29
Option 2 |High 0.5(Option 2  |Nothing 0.573 24,250 0 0.00
Option 2 |High 0.5|Option2 |H1-2W 0.203 24,250] 405,050 9.10 24,250] 307,333 7.65
Option 2 IHigh 0.5|0ption2 |H 3-4-5W 0.224 24.250] 1,004,000 25.87
Option 2 |Low 0.5|Option1  |Nothing 0.959 16,250 0 0.00
Option 2 |Low 0.5|Option1 |H1-2W 0.021 16,250 420,050 9.52 16,250 29,658 0.74
Option 2 |Low 0.5|0Option1 |H3-4-5W 0.021 16,250| 1,019,000 26.29
Option 2 |Low 0.5(Option 2  |Nothing 0.959 24,250 0 0.00
Option 2 |Low 0.5|Option2 |H1-2W 0.021 24,250 405,050 9.10 24,250 29,040 0.72
Option 2 JLow 0.5|0ption2 |H3-4-5W 0.021 24,250] 1,004,000 25.87
Option 3 [High 0.5|Option 1 |Nothing 0.573 0 0 0.00
Option 3 |High 0.5|Option1 [H1-2W 0.203 0| 420,050 9.52 0l 313,745 7.83
Option 3 JHigh 0.5|0ption1 |H3-4-5W 0.224 0] 1,019,000 26.29
Option 3 |High 0.5(Option 2  |Nothing 0.573 4,000, 0 0.00
Option 3 |High 0.5|Option2 |H1-2W 0.203 4,000] 412,550 9.31 4,000 310,539 7.74
Option 3 JHigh 0.5|0Option2 _|H 3-4-5 W 0.224 4,000] 1,011,500, 26.08
Option 3 |Low 0.5(Option 1  |Nothing 0.959 0 0 0.00
Option 3 |Low 0.5|Option1 |H1-2W 0.021 0] 420,050 9.52 0 29,658 0.74]
Option 3]Low 0.5|0ption1 |H 3-4-5W 0.021 0] 1.019.000 26.29
Option 3 |Low 0.5|Option 2 |Nothing 0.959 4,000 0 0.00
Option 3 |Low 0.5|Option2 |H1-2W 0.021 4,000] 412,550 9.31 4,000 29,349 0.73
Option 3 JLow 0.5[Option2  |H3-4-5W 0.021 4,000] 1,011,500 26.08

Table 6.4.7 illugtrates the expected cogts and time at Stage 2. After the calculations, no policy
dropsout. All solutions are Pareto optimal. Pareto optima describes a solution for which one
can not improve one objective function without degrading another function (Haimes, 1998).

For example, a Stage 2, the decision-maker has to decide between the two palicies; given that at

Stage 1 theforecast ishigh. Table 6.4.8 details the information for one of the branches at Stage

2, which has to be evauated to determine what is the optimal decision at that decision node.
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Table6.4.8. Abstract from Table 6.4.7 to Show Branch Comparison to Deter mine Pareto
Optimal Solutions

Stagel | Season | Stage?2 E[Preparation E[Recovery cos] E[Recovery
Cog] (9) $ time] (weeks)

Option 1 High Option 1 32,500 45,160 1.09

Option 1 High Option 2 48,500 39,860 0.94

Using Table 6.4.8, when one compares Option 1 and 2 at Stage 2, after one has chosen Option 1
at Stage 1, it can be observed that for Stage 2 option 1 the expected preparation cost is lower than
Option 2. It isaso observed that the expected recovery cost and the expected recovery time

Option 1 is higher than Option 2. Therefore, the decisionmaker cannot decide between the two
options making them both feasible solutions or Pareto optimal solutions. All the branches at the
decison stage have to be evaduated in asmilar manner.

Dueto the fact that dl the solutions are Pareto optimal, in order to calculate the expected values
at Stage 1, combinations of al posshilities have to be performed, asfollows:

Firgt, for each of the solutions, the expected values at Stage 2 are mulltiplied by the
corresponding seasond forecast probabilities. The cadculationsyield Table 6.4.9:

Table6.4.9. Initial Calculations at Stage 1 to Proceed with the Combinations

Stage 1 | Forecast| P(F) | Stage2 At Stage 2 At Stage 1

E(Preparation E(Cost to | E(Time to | E(Preparation| E(Cost to E(Time to

Cost) (%) recover) ($) | recover) Cost) ($) recover) ($)] recover)

Weeks) (Weeks)
Option 1 |High 0.5]Option 1 32,500 313,745 7.83 16,250 156,873 3.91
Option 1 _|High 0.5|Option 2 48,500 267,315 6.53 24,250 133,658 3.26
Option 1 |Low 0.5]Option 1 32,500 29,658 0.74 16,250 14,829 0.37
Option 1 |Low 0.5]Option 2 48,500 28,421 0.70 24,250 14,211 0.35
Option 2 |High 0.5]Option 1 16,250 313,745 7.83 8,125 156,873 3.91
Option 2_|High 0.5|Option 2 24,250 307,333 7.65 12,125 153,667, 3.82
Option 2 |Low 0.5|Option 1 16,250 29,658 0.74] 8,125 14,829 0.37
Option 2 |Low 0.5]Option 2 24,250 29,040 0.72 12,125 14,520 0.36
Option 3 |High 0.5/ Option 1 0 313,745 7.83 0 156,873 3.01
Option 3 _|High 0.5|Option 2 4,000 310,539 7.74 2,000 155,270 3.87
Option 3 |Low 0.5/ Option 1 0 29,658 0.74 0 14,829 0.37
Option 3 |Low 0.5]Option 2 4,000 29,349 0.73 2,000 14,674 0.36

After conducting al the probability multiplication, proceed to do dl the policy combinations.
All possible attribute combinations have to be consdered.
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Table 6.4.10. Combination Calculationsfor Pre-Hurricane Preparation Cost, Recovery

Time and Recovery Cost at Stage 1.

Stage 1 Stage 2 E(Preparation
High Low Cost)
Option 1 16,250( Option 1 16,250 32,500
Option 1 Opt?on 1 16,250 Opt?on 2 24,250 40,500
Option 2 24,250| Option 1 16,250 40,500
Option 2 24,250| Option 2 24,250 48,500
Option 1 8,125| Option 1 8,125 16,250
Option 2 Option 1 8,125 Opt?on 2 12,125 20,250
Option 2 12,125| Option 1 8,125 20,250
Option 2 12,125 Option 2 12,125 24,250
Option 1 0| Option 1 0 0
. Option 1 0| Option 2 2,000 2,000
Option 31 4tion 2 2,000| Option 1 0 2,000
Option 2 2,000] Option 2 2,000 4,000
Stage 1 Stage 2 E(Recov-
High Low ery Time)
Option 1 156,873| Option 1 14,829 171,702
Option 1 Option 1 156,873 Opt?on 2 14,211 171,083
Option 2 133,658 Option 1 14,829 148,487
Option 2 133,658] Option 2 14,211 147,868
Option 1 156,873| Option 1 14,829 171,702
Option 2 Option 1 156,873 Opt?on 2 14,520 171,392
Option 2 153,667| Option 1 14,829 168,496
Option 2 153,667| Option 2 14,520 168,186
Option 1 156,873| Option 1 14,829 171,702
Option 3 Option 1 156,873| Option 2 14,674 171,547
Option 2 155,270| Option 1 14,829 170,099
Option 2 155,270] Option 2 14,674 169,944
Stage 1 Stage 2 E(Recov-
High Low ery Cost)
Option 1 3.91| Option 1 0.37 4.28
. Option 1 3.91{ Option 2 0.35 4.27
Option 1 1 5 5tion 2 3.26| Option 1 0.37 3.63
Option 2 3.26| Option 2 0.35 3.62
Option 1 3.91{ Option 1 0.37 4.28
. Option 1 3.91| Option 2 0.36 4.27
Option 2 ogtion 2 3.82 Ogtion 1 0.37 4.19
Option 2 3.82| Option 2 0.36 4.18
Option 1 3.91| Option 1 0.37 4.28
: Option 1 3.91| Option 2 0.36 4.28
Option 3 Ogtion 2 3.87| Option 1 0.37 4.24
Option 2 3.87| Option 2 0.36 4.23
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There are twelve policies to be evauated after dl the attribute combinations have been
considered.

Once dl the expected values at Stage 1 are calculated, a comparison of the policies can be
conducted:

60,000
50000 @
on) A ]
" |
N—r |
— ] ’ ’
*5 40,000 :
@] 1
QO 1
[}
c : *
o
-4(—3, 30,000 :
|
S M.
= S A S ——
o 20,000 ' '
o - i i
L ' '
| < >
I I
10,000 ! !
| |
| |
| |
1 | A
' ' A A
0 . T T T T &
0.80 0.82 0.84 0.86 0.88 0.90 0.92

E[Recovery Time] (weeks)

| @ Option 1 Option 2 A Option 3 |

Figure6.4.4. Pre-Hurricane Preparation Cost ($) Versus Recovery Time (weeks) for
Virginia
In Figure 6.4.4 there are many policiesto consider. The highway agency hasto evaduate the
different trade- offs such as recovering in 0.82 weeks while investing dmost $50,000, or
recovering in 0.89 weeks while investing about $25,000.

Figure 6.4.5 considers another trade-off comparison.
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Figure 6.4.5. Pre-Hurricane Preparation Cost ($) Versus Recovery Cost ($) for Virginia

In Figure 6.4.5, one trade-off can be to invest dmost $50,000 to prepare for the hurricane while
having to spend $34,200 later, versusinvesting only $25,000 now while having to pay $36,500
later.

With both Figure 6.4.4 and Figure 6.4.5, trade-offs can be examined to establish the preferred
policies. The highway agency can determine whether to invest more initidly and implement a
specific policy, or to spend more funds later to recover.

The results shown in Figures 6.4.4 and 6.4.5 were derived from the information attained from the
production and instalation rates, potential damage, seasond forecadts, and the historical
information provided for Virginia

Therefore, changes in production or ingtdlation capakiilities, such as increasing the number of
crews, would decrease the recovery time, which in turn would change the results aitained in
Figures6.4.4 and 6.4.5.

Another critica factor is the percentage of the number of damaged signs assgned to VDOT and
to the contractors. If VDOT is assigned to produce 70% and the contractors the remaining 30%
of the Sgns, the expected recovery time would increase, but the recovery cost would decrease as
seen in Figures 6.4.6 and 6.4.7.
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Figure6.4.6. Pre-Hurricane Preparation Cost ($) Versus Recovery Time (weeks) for
Virginia Assigning 70% of Damaged Signsto be Produced and Installed by VDOT and
the Remaining Signsto Contractors (Solid Line Denotes Par eto-Optimal Policies)

Figure 6.4.6 shows the results from the decision tree where 70% of the production to replace
damaged signs was assigned to VDOT and 30% assigned to contractors. Comparing Figure
6.4.6 to Figure 6.4.4, one is able to see that the recovery timeis greater when VDOT produces
and inddlsthe gns. The results are areflection of the installation capabilities considered for
this example. If the number of crews was increased, the recovery time would decrease
sgnificantly.
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Figure6.4.7. Pre-Hurricane Preparation Cost ($) Versus Recovery Cogt ($) for Virginia
Assigning 70% of Damaged Signsto be Produced and Ingtalled by VDOT and the
Remaining Signsto Contractors (Solid Line Denotes Pareto Optimal Policies)

Figure 6.4.7 shows the results from the decision tree where 70% of the production to replace
damaged signs was assigned to VDOT and 30% assigned to contractors. Comparing Figure
6.4.7 to Figure 6.4.5, oneis able to see that the recovery cost islesswhen VDOT produces and
indalsthe 9gns. Theresults are areflection of the production and ingtalation costs that were
consdered for thisexample. VDOT’s cogt of production and ingdlation is significantly lower
than the contractor’s cost of production and ingta lation.

Another sgnificant factor that affects the results is how prone aregion has been to hurricanes. If
one were to analyze the results of the decison tree with the information for Horida detailed in
the “ Cdculaion and Results’ subsection of the “ Sequentid Decison Making By Highway
Agency Section”, the results of the decision tree would be those illugtrated in Figures 6.4.8 and
6.4.9.
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Figure 6.4.8. Pre-Hurricane Preparation Cost ($) Versus Recovery time (weeks) for
Florida (Solid Line Indicates Par eto Optimal Policies)

Figure 6.4.8, shows that the expected recovery time is greater for Florida than Virginia because
Floridais more prone to hurricanes.
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Figure6.4.9. Pre-Hurricane Preparation Cost ($) Versus Recovery Cost ($) for Florida
(Solid Line Indicates Par eto Optimal Policies)

Asseenin Figure 6.4.9, due to the fact that the probabilities of hurricane landfal are greater in
Floridathan in Virginia, the expected recovery cost is greater for Florida

There are many factors to be considered in order to prepare for hurricane season. The decision

tree modd isatool that will ad the highway agency in discerning among the different
possibilities and consequently assist in preparing for hurricane landfal.
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Conclusions

In order to make a good assessment for managing reserves, the agency should have dl the
forecast and cost information avalable. As can be seen, long-term and short-term decision+
making in regard to equipment reserves involves numerous modes and criteria. How much
should VDOT produce? To what extent should VDOT be prepared in case of a hurricane?
There are severd trade-offs that have to be consdered. VDOT has to determine whether it
should pay now (preparation cost) or pay later (recovery cost), atrade-off was established
through the decision tree modd. Another trade-off that can be assessed in the decision tree model
IS preparation cost versus the recovery time. The decision tree gives ideas on how to plan for the
short-term and long-term. A sequence of decisions can be analyzed using this method.

A criticd finding is thet the recovery timeis affected mainly by theingdlaiontime. The
ingtalation time is dependent on the number of crews available for ingtdlations and on the
amount of time spent determining where the Sgns need to be inddled. Therefore one
recommendation would be to train more crews in the inddlation of Sgns, dgnas and lights.

As previoudy stated, impairment of traffic-control equipment reduces the ability to transport
people, equipment, and resources needed for the restoration of infrastructure. Without signsto
direct travelers and lights to illuminate roads, highways can be confusing and dangerous. After a
hurricane, businesses, government, and educationd facilities remain closed until some level of
recovery isachieved. Months or even years could pass before a community can return to its
origina daeinterms of traffic control equipment. A community cannot return to daily activities
when its road system is not functiona. Though aid from the federad government could be
expected through FEMA and FHWA,, these funds can take months to be received and require
detailed accounting of reimbursable expenditures by locd agencies.

In order to recover the damaged signs, signds, and lights, VDOT should decide on an adequate
level of reservesin advance. Managing the required quantities of reserves for signs, sgndsand
lightsin preparation of a hurricane is adifficult task. One hasto be able to find an appropriate
level where thereis a reasonable amount of reserves, while kegping costs low, and being able to
contribute to an expeditious recovery after a hurricane.

Reserves have to be maintained a such level to dlow for aninitial recovery effort. Furthermore,
months after a hurricane awell-chosen leve of reserves will enable a steedy recovery. Having
aninitid but subgtantial amount of reserves can permit enough time for production (Sgn shops)
to supply the amounts of Sgns, Sgnas and lights that are till required for the months aheed.

A decison whether to increase reserves prior to a hurricane affecting the area could be criticd.
The levels of reservesfor the Tidewater region are determined largely according to patterns
observed in previous years. VDOT does not currently increase levels of traffic equipment
reserves during hurricane season.

Therefore, the research dlows the highway agency to determine dl the possible dternatives,
which in turn alows a better decision to be made in managing reserves.
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