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ABSTRACT

DEVELOPA MULTISTAGE STOCHASTIC PROGRAMNITH RECOURSE
FORSCHEDULING PRESCRIBED BURNING BASED FUEL TREATMENTS

WITH CONSIDERATION OF FUTURE WILDLAND FIRES AND FIE SUPPRESSIONS

In this study | present a mulstage stochastidinear program with recoursefor
schedulingprescribed burningbasedfuel treatmerg under the influences of randorfuture
windland fires and fire suppressionacross multiple planning period. Prescribedburning
decrease future wildf i r gpead rate and intensityruture widfire uncertaintiesare
characterizedy sequences of independent and identjcadl.) fire samplesacrossthe entire
planning horizon Each simulatedsamplefire ignites at a randomlocation and spread for a
randomduration underthe influence ofa randomly selectedvind direction and speedhis
stochasticprogram explicitly addresses thepatial and temporatelationships betweefire
behavior,prescribed burningand suppressiom multiple fire-planning periodslt uses ample
averageapproximationand minimizes the sum of averagediscounted management cqstis
averagediscountedire lossacrossa planning horizon Testcasesare designedbb examine fire
andmanaement situationsn an artificial forestedandscapeandarefocused orselecting good
quality first period prescribed burning location®Results provide a wide range optimal

solutionsfor allocatingthefirst periodprescribed burningp handlerisks from futurewildfires.
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1 Introduction

Wildfire is a natural componerdf many terrestrial ecosystenis.has beneficiakffects
on many ecosystem process@sialso posts threat to human life, property and natural resources
(King et al. 2008 During the past twadecadesthere has beeascalation of extreme wildfire
behaviors and associated filmanagementosts. For exanig, the annual wildfire program
spending for USDA Forest Service (USFS) dinel Department of the InterigDOl) increased
from $2.3 billion in2001 to $2.%illion in 2005 (Alkire 2004). Mitigating the impact ofarge

detrimental fires efficiently is an important component of wildland fire management program.

The National Cohesive Wildland Fire Management Strategy (NCWFM) deveioped
2009 is an example fire management progrémat comprehensively addresseddland fire
management issues acrofise USA. In the NCWFM 2014 reporihttp://www.forests
andrangelands.gov/stratggyour imminentchallenges are identified: managing vegetation and
fuels; protecting homes, communities, and other values at risk; mgnagimanrcaused
ignitions; and effectively and efficiently responding to wildfire. It suggests various management
actions being employed and leveraged to address these challenges to impeffectiveness

and efficiencyin managng wildland fire.

An unintended consequence of aggressire suppression since the ®@entury is the
accumulation of foreduelsthatincreases wildfire risk in both extent and inteng¢@pnard et al.
2001, Agee and Skinner 200®0hen 201p Fuel treatment represents a process of altering the

guantity and structure of fuels to tem wildfire risk (Pyne et al. 1996Finney 2001). Fuel



treatment becomes increasingly important in wildfire management across many forested

landscapegCollins et al. 2011

Fuel treatment iflorest standcan change fire behaviors and rednegativefire impacs
(Fulé et al. 2001Martinson et al. 20QZ-iedler et al. 2004Skinner 2005Ritchie et al. 2007
Strom and Fulé 2007Schmidt et al. 2008Stephens et al. 209t alters fuel structures and
reducs fire potential (Laverty and Williams 2000Radeloff et al. 2005Ager et al. 2007p
Contreras et al. 20)2slows fire spread rate in some cag€onzalez et al. 2008reducs fire
intensity and severityReinhardt et al. 20Q®ell et al. 2010, andpotentiallyreduces fire sizes
(Bevers et al. 20QHirsch et al. 2004Loehle 2004 Commonly used fuel treatment methods
include prescribed burningnechanicalthinning, and harvesting(Loehle 2004. Fuel breaks
created by treatments can faate the establishment of fire contriahes (Agee et al. 2000
Finney 2001 Finney and Cohen 20pandalsoimprove safety for firefighter@oghaddas and
Craggs 2008 The effect of fuel treatmetowever s transient instead of permanemherefore,
it is important to coordinateeatments in a landscape with respect tar thize location and
timing (Collins et al. 201p Without spatialcoordination of treatmentnits, large fires can more
easily circumventtreated areas artdavel througha forest(Salazar and Gonzal€zaban 1987

Dunn 1989Finney et al. 2006

Total area treated, or the percentage of areaeteat a landscapis importantin altering
wildfire behavios. Treatment effects may not be significahthe areatreatedis too small
because the chance a future fire spreading amytreatedarea may be lowSome studies

suggest treating 20% of thetal landscape are&shavea moreconsisteneffectin reducingfire



size andbehavior(Ager et al. 2007aFinney et al. 2008Schmidt et al. 2008If more areas in a
landscapeare treatedfire size and behavior can be furtrdecreasedGonzalez et al. 2005
Parisien et al. 200Kim and Bettinger 2008Schmdt et al. 2008 However, the marginal rate of
reduction may diminish when the proportions of the landscape treated are lzegtaedghold
(Ager et al. 2007aSchmidt etal. 2008. Treating an entiréorestis oftenimpractical(Lynch et
al. 2002 Finney and Cohen 20D38lue to funding limitation angotentialconflicts with other

management objectives suchlabitafprotectionor aestheticoncerns

Locaing fuel treatments in a landscaigalsoimportant becausé can changéhe spatial
arrangement ofandscapduelsand consequentliyfluences patterns of fire sprea@zreen 1983
Davis and Burrows 1994Turner and Romme 1994Research showsven randorty located
treatmens canreduce fire spread rate givématareasonabl@roportion ofalandscapes treated
(Finney 2003 However, regular treatment patternsften outperform radom patterns in
reducing fire spread and area burri@dhmidt et al. 2008 especially iftreatmentsan only be
scheduledn a small fraction of a landscapéFinney 2003 Loehle 2004, or if fire intensity is
high (Kim et al. 2009. Finney (200) suggest implementing treatments that overlap in the
heading fire spread direction to reduce fire spread kathle (2004 suggest fragmening fuel
complex ly allocating treatments analogous to ship bulkhadina et al. (20Q7aterly suggest
allocating treatments to disrupt critical fire spread pa@ther studies indicate that forming
treatments as linear barriefBrice 2A2) or parallel strips perpendicular to major fire spread

directions(Fujioka 1985 Finney 2007 can effetively retard fire growth.



Fuel treatmend also need to be temporallycoordinated The effectiveness of fuel
treatments deployed on a landscamrild reduceover timebecausduel loadincreasess tree
grows (Agee and Skinner 200%ollins et al. 2009 Therefore, priodically reschedulinduel

treatments on a landscaigaeeded tonaintaintheir effectivenes.

Fuel treatment planningepreserga pressing need for many land management agencies
to improve their fuel treatment program efficiencié®lack 2004 Collins et al. 201)
Scheduling fuel treatments efficiently and effectively in a landscape represents a type of
challengingforest management decision that requires careful consideratimoarofinfluencing
factors and also requires empirical knowledge and specific evidences as suggested by
researcherfCarey and Schumann 2Q@rnandes and Botelho 2Q@3raham et al. 20Q4Fuel

treatmenstrateg/ can vary depending on magement goal@Veatherspoon and Skinner 1996

The strategic placement of fuel treatments across landscapes can be suppadiad by
decisiontools such as optimization modefomeoptimization modelshave beendeveloped to
configurespatialtreatment layoutfr one or manyire evens. Hof et al. (200), andlatterly Hof
and Omi (200Bdeveloped mixed integer programmi(glP) modek for scheduhg treatmerd
to delay the spread of &@rgetedfire from its ignition location to one or morergselected
protectinglocations.Konoshima et la (2010 developeda dynamic programming modtiat can
recognizenumerous spread patterns and associated probabilft@ssingle fire, andased on
these spread patterns amlobabilities to optimize fuel treatment and harvest across
hypotheticallandscapeWei et al. (2008 developed a MIP model that uses a firelgability

distribution map prealculated through simulating a large number of random fires to optimize



fuel treatment allocation to break fire probability accumulation pathways. This method uses
linear approximation to track the accumulation of fire pholiges across a landscap@/ei

(2012 built anotherMIP model to schedule fuel treatment to provide control opportunities for
set of systentecally selected u t u r Eire ignitiensaremodeled simultaneousfyom many
possible locations of a landscagéiis model schedules treatments in one planning period and

assumes no interactions between multiple fires.

Other optimization models locate fuel treatmbkased on modification of landscape fuel
connectiviy. Percolation theory(Stauffer and Aharony 1991With 2002 indicates that
randomly treating a fraction of the |l andscaj
connected fuel bresako obstruct the spread of firdBevers et al. (2004lesigned a shortest path
network optimization modeto measure the continuity dliel breaks. They discovered if
treatmentsvererandomly allocated, more than half of a forestuld need to be treated to form
continuous fuebreakson most testd landscapesinstead of randomlgllocaing treatmentsn a
landscapgeMinas et al. (2014developed a MIRnodelto generate spial fuel patternso as to
reduce the connecti vi ty.Toetotalmonbed of Eonnedted paesiofl s 0 i
fiold fuel cell® i s miaarassnall ttme deriod® inhibit fire spreadWei and Long (201¢
developed apatial optimizatioomodel to fragment high fire hazard fuel gegsto minimize the
expected futureife losesweighted by thagnition probability of each fire Postoptimization
simulations (Wei and Long 2014) suggest that scheduliad treatment to fragment fuel
patches have similar effect as scheduling fuelttnents teslow the spread of a larggumber of

long duratiorsampléfires.



Optimization modelshave been used tgearch through a large set of treatment
alternatives and support many tradeoff analyses. Selecting goeiefathent mosaics through
these models however, still remanchallenging (Martell 20073 because comparing large
number ofcandidatdreatmenplansrequiresa lot ofcomputingpower, especially when multiple
objectives and constraints are added into the models. For this reason, heuristics are often
combined with opimization model to find neasptimal solutiongBorges et al. 2002 andthey
become more popular in wildfire management in forested landg@dmenpson et al. 2000

Calkin et al. 2005Gonzalez et al. 2005

Optimizationvia-simulation is a type of models using hestics to optimize fuel
treatment scheduling. This type of models seasdbr good solutions ofa given system
iteratively (Gosavi 2003 For example,Finney et al. (2008integratedthree models into a
simulationoptimization systema forest and fuel dynamics meld Crookston and Stage 1991
Reinhardt and Crookston 2003or simulaing forest vegetationchanges over timeand
comparingdifferent treatmentstrategiesa spatial model(Finney 20022004 Finney 2007 for
choosing the location of treatment units using topologically optimal or random selectian logic
and afire growth simulation model(Finney 2002 for evaluatinghow treatments would modify
fire growth rate, fire sizes, and conditional burn probabilithis system runs iteratively to
identifyi nt er sect i on sprehdpathw @and the statds whgre teeatments would slow
fire spreadthe mostand accordingly suggestreatments on thsestands.In another research,
Rytwinski and Crowe (20)0an a stochastic fire simulation model repeatedly to compare fire

risks of different fuebreak solutions identified from a meteauristic search algorithm. This

algorithm starts from a randomly selected or adsery ned sol uti on; I terat



solutionsthrough weighted linear combinations pifevious solutiongound based onscatte
search(Glover 1998, and stops whea pre-determinechumber of optimization iterations have

been performedGonzalezOlabarria and Pukkala (20)Lised simulated annealing to iteratively
search for better forest management schedules to maximize timtmnes and imprev

| andscape yre resistance. | n each iprobabilyt i on,
of fire occurring in each managemestand ina forest following a selected harvest schedule. The
schedule ishenrevised based on the updated fire @iaibty map in the following iteration. This
process is repeated until the fire probability distribution in a forest stop to change significantly.
Optimizationvia-simulation carbe used tceffectively handle complex problem by breaking it

into smaller and solvable components However, his approachmay stop at a subptimal

solution and it can be difficult to quantify the quality of a discovered solution.

Fire suppressiorand fuel treatment are ofterelated (Martell 2007. Although fuel
treat ment al one may n burningooe spreddinBinney®003 it cap Yy r e s
improve the effectiveness of suppression effdfinas et al. 2018 Schaaf et al. (2004
evaluatedfive combinations offire suppression and fugteatmentprograns on the Angeles
National Foresin western USandsuggested thatsinga low intensity fire suppr&sion program
together with a moderate intensity fiildatment prograrwould provide the most codieneficial
fire protection strategy for tirestudy areaSomedecisionmodels weralsobuilt to address the
complementary effects between fuel treatmemd suppression. For examplElercer et al.
(2008 developedan integer programming model to evaluate tradeoffs between expenditures for
fuels managemennad s uppression resources on represent

is incorporated into a suppression dispatch model to minimize the expected cost of fire escapes.



The probability of fire escape is predicteaba function of fuel treatmer@mourt and the number

of initial attack resources dispatched to the fiviinas et & (2013 incorporated fuel treatment

and suppression decisioimgo a singleMIP modelto maximizetheir joint effects on wildfire

control. Their model des not directly model fire spread Instead, it uses precalculated

Al oc-apeohyc yYmeoesxacsaperet ti me t alkderynfeadr targsaé

si ze ( e. g.andgleermed hseeschpad. e s )

It is challengng to studyfuel treatmentmpacton fire suppression, especiallyhen both
of those management actions amaultaneouslyonsderedalong with wildfires.In an overview
of methods for incorporating wildfires into forest planning mod@éttinger (2019 pointed out
this challenge, as many studies only incorparatadfires into a planning processtherbefore
or afterthe schedule aohanagemenactivities Modelling wildfiresin a spatially explicit ways
also a challenging task.t&lies thatexplicitly incorporate firebehavios into the selection of
optimal plars are rare, and thesan onlydeal withsmalllandscapegKonoshima et al. 20Q0%®r a

limited number of fire samplg&im et al. 2009.

In this dissertation| introduce a multage stochastic line@rogramwith recoursefor
planningfuel treatmerd to mitigate the risk from wildnd fires in a multiple planning period
horizon. This program focuses on the useonfy prescribe brning, with considerationof
random future wildfire and also simplified fire suppressioRuel treatments can also be
implemented through mechanical methoHowever, pescribed burning and wildland fire use
(http://www.fs.fed.us/fire/fireuse/index.htinlare suggested as the primary fuel treatment

methods inthe wildland; while mechanical fuel reduction treatments are more appropriate in



WUI areag(Reinhardt et al. 2008The stochastiprogrampresented herexplicitly captures the
spatial and temporahteractiors between fire behavipmprescribedburning and suppression.
Randomsamplefires are employed irthis program usinga sample average approximation
formulation(Kleywegt et al. 200Rto minimize thesumof average discounted management cost
plus average discounted fire Idss all planning periodsA set of hypothetical testing problems
is designed to examine fi@ndmanagemet situations iman artificial forested landscapa&cross
three fireplanning periods, ands focusedon selectinggood qualityfirst period prescribed
burninglayouts Test casearesolvedusing B M6 s ICBLEBXv12.60na 64bit workstation
equippel with a quadcore 2.53GHZprocessoland &B of memory with optimality gap seto

1%.



2 Methods

2.1 Model structure

This stochasticprogram follows the general structure of multistage stochastic linear
program with recourse proposed Byge and Louveaux (20)1It modelsprescribed burning
based fuel tregmnentand suppression decisions in multiple planning periods (or multiple stages)
to mitigate risks from wildfires Wildfires are modeled asuncertaineventsrepresented by
random sample fireacross the entire planning horizon. The design of this progrdtastrated
by the branching tree in Figure This design ensures that prescribed burning decisions made in
the first period (or stage) would be identical for BIFS samples where each sample is
represented by a&equence ofprescribed burningdecisiols random fire eventsand fire
suppressiordecisions across all planning periods. Decisions after the first stage are recourse
decisions My interest lies in thejuality of thefirst period prescribed burning decisions, which
haveto bemadebeforefuture fire uncertainties can bevealed. | do not increase the number of
DFS samples after the first period to limit the model size, which also helps reduce computing
difficulty when solving this stochastic program. It will be an interesting future studyplore
how adding moreDFS samples in the later planning periods may help better represent the
stochastic fire situation after period two and improve the quality of the first period prescribed
burning decision.DFS samples are incorporated into @ample @erage approximation
formulation(Kleywegt et al. 200Pwith the objective taninimize e sumof average discounted

management coplusaverage discountdde lossacross all planning periods.
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Period 1 Period 2 Period3
15t stage 2ud stage 3rd stage (é_l_‘_h_ stage
« Fireg ----- > Suppressions -----3 > T Fosl > Fires ----- > Suppressions -----3 > Fus > Fires -----3 > Suppressions 1" DFS
reatment Treatment
Trelialtlrilent *> Fires -----3 > Suppressions ----- > Trelzigilent —————— > Fires ----- > Suppressions -----3 > Treljigglent —————— > Fires -----3 > Suppressions 274 DFS
.\* Fires -----3 > Suppressions -----3 > Fuel > Fires ----- > Suppressions -----> Fuel > Fires ----- > Suppressions 34 DFS

Treatment Treatment

Figure 1: lllustration of amultistage stochastic program with three planrpegiocs andthree

DFSs(A8H) o). EachDFS representsa sequence dire management decisions (prescribe

burning and suppression) afice eventsacrosshreeplanning periodsT he t er m @ Fi
this figure may include zero or multiple fireoccurrences within a planning petiovhich are
exogenously determined by random drafescribed burning ischedulecat the beginning of

each planning period beforany random sample wildfire in that same period is realized

Suppressiorcan also bemplemened to each fire as recoursdian.

2.2 Modelassumptions

Il n this

m eelth e thessmallasgnodelinguriit for fire suppression, forest age

class transition, and fire spred&o r etantb indlusles one or multiple cells coveringfarested

area with homogeneousregetation characteristics Stand is the smallest modelinginit to

reso

scheduleorescribed burning. Prescribed burning decision is made for an entire stand by treating

all cells in the standt the beginning o& planning periodTreated areas have beneficial effects

of reducing future fire spread rate and intensity thatftastertainperiod of time (Figure 4). Fire

suppressions simplified as building firecontrollines in cells whererown fire could not occur,

andis assumed tbe able tastop fire spread in cellshere fire control lines are constructed. This

model captures the possible impact of wildfire and prescribed burning to create suppression

opportunities and how suppression may take places to stop the spread of surface fire in recently

burned or treatedreas. However, fire suppression scheduling itself is not the focus of this

model.

11



Fire uncertainties are model&y usingsamplefires in eachDFS. Random draws are
used to determine thignition location(i.e. in a cell) the active fire spreaduration and the
combination of wind direction and speddring the duration of a fir&Similar to prescribed fire,
wildfire also consumefuels (Figure 3 that canhelp reduce future fire spread rate and intensity.
The beneficial effectdrom wildfire, howevermay last for a different period of time. A sample
fire is allowed to sprealletween cellgFigure 3 within its maximum spread rang®SR pre-
calculated by the processing algoritiiaigure 4. When spreading under certain wind condition,
it may become cnon fire or stay as surface fire in different cells (FigbyeFire spread rate and
fire line intensity modeled in this stochastic program would be based on surface fire behaviors.

In cells where surface fires spread into crown, | assume the forest wékh®yed.

Future fires in these areas would have decreased rates of

Areas treated by prescribed” spread within certain periods.

fire or burned by wildire Future fires in these areas would have decreased fire line

intensities within certain periods.

Figure 2. Prescribed fire and wildfirboth have beneficial effectsf reducingfuel loads, but
their effects may last for different periods of time

12
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w

same spread directior

aspread path

Figure 3: lllustration of the 16 possible sprepéths (in eight possible spread direcs) from or
toward a cell Q. For each spread direction, fire would spread in a égivith a specific spread
rate. Detailof the spreadate calculationsvill be described later in sectio@s4and3.1.

A B

Figure 4. An example to illustrate the spread pattern of a fire in a rasterized landscape under
different assumptionsA: T h e MSR{blueecélls) precalculated by the processing algorithm

with assumptions that fire sggmds freely without influences from previous fires, prescribed
burnings, and suppressioffsor more details of this algorithm, sAppendix). In the stochastic
program, the spread and suppression of a fire will be modeled insid&RsB: | assume fire
spreads more slowly in areas recently burned by wildfire (e.g. yellow cells) or treated by
prescribed fire (e.g. green cells), and can be stopped by cells with fire control lines constructed
(e.g. black cells). Therefore, a fire may not be able to burartege cells within itds1SRduring

the same duration under the influence from previous fires, fuel treatments, and suppressions.
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Fire-line-i n t e ncatical fiye-liM®@-intensity -

Fire-line-intensity <critical fire-line-intensity —>[ Surface Fire ‘

Figure 5: Fire line intensity is used as a criterion to predict crown fire activities. | model fire line
intensity as a furton of fire spread rate along each spread direction. Crown fire is assumed to
occur when fire line intensity is beyond a critical threshold. Areas recently treated by prescribed
fire or burned by wildfire would have decreased fire line intensity. Conadguthe likelihood

of crown fire in these areas will be reduced. More details on the calculations of fire line intensity
and the critical threshold of fire line intensity will be described latseation2.4and3.1.

In this model,the value of foret in a cell to be protected from wildfire (referred to as
icelall ueo) i be raasedvithnieredt ageatases (referred to asi ¢ edetlase 9.0
Fire loss is measured each time a cell is burned by wildfire with the amount of loss depending on
both the fire line intensity in that cell and the cell -atpss Cell ageclass transitions tracked
during the planning horizon anglonly influencedby crownfires (Figure6). A crownfire would
destroy the value of forest in a cell and alssetage-classof the burned cell to zero. A surface
fire may causepartial loss of cell value buthot changehe ageclass of the burned cell. Upo
entering the next perigaell ageclass will increase by on&Vithin a planning horizon, a cell

may be burned bsnultiple fires with various losses.
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Period w Period w+1
15t Fire 2nd Fire

AgeO > ... > AgeO (> Agel >
AgeO0O > ... > AgeO > Agel >
Age0 > ... = AgeO > Agel >

— Age 0 (> Agel >
Agej > .. <

— Age| mr Agej+l—>

K /\ s

- Crown fire, whichimmediately ressta cell's ageclass to zero

|:| Surface fire, which would not change a cell's-algess

Figure 6: An example of theageclass transitiorof a cellin two planning periodsf it gets
burned by multiple fires.
2.3 Notations

| use capital letterso denote mosbf the parametes and setsSome parameters are
denoed by Greek lettersLower-case letterare used toepresentndicesor decision variables
Abbreviations are definedo standardizesome of the descriptisnin the method and are

represented by both capital and lowease letterdNotations are gsented in alphabetical order.

Abbreviations
BEs Denotes the beneficial effectBom prescribed burning based fuel
treatmen or from wildfire. For example,areas recently treatedby

prescribefire or burnedby wildfire can decreashiture fire line intensity

15



DFS

FT1

MFAT

MSR

and fire spreadrate | assume the beneficial effectrom prescribed
burningwill lastfor w planning periods includg the period wheiit is
implemented(i.e. areas treatedy prescribed fireén period0 will have

BEslastedin period0 andperiod0 p if w is set totwo). | assumehte

beneficial effect from wildfire will last for @ planning periodsalso
including the period whefire occus.

Denotesa sequence of management decisions and fire eaentss all
planning periodgas described in sectidhl). In this study, management
decisions includduel treatment modeled gwescribedburning and fire
suppressionmodeled as fireontrotline construction Wildfires are
uncertain events represented by randamplefires.

Denoteghefirst periodfuel treatment solutiothatincludes a set of stands
selected forprescribed burningat the beginning fothe first period
Although this multistage stochastic program maglptescribed burning
decisions in multiplgplanningperiods,the focusis to improve quality of
the first period decision because this is the immediate de@simmager
has to make whtout waiting for theevealof anyfuture firesituation
Denotesi mi ni mum f i r ¢ each lodatioréi.€. a ¢ell) ofeao
landscapel use a set of equatieno calculatethe minimum travel time
wheneachsamplefire spreadsDetails will be pesentedn section2.4.
Denotesimaxi mum spread r ecalaylated by the
preprocessing algorithm. Details on this algorithne presentedn the

Appendix.

16



TFS Denotesa sequence dfesting fires across all planning periods. In this
study, a set of 300 i.i.dTFSs are randomly simulated based on historical
data of fire ignition and winddescribed later in sectio®.2). This set
would then be fixed to test the performance of diffeféfils TFS and
DFS are different. Sample fires in ea®FS are not fixed. Each time
running the stochastic program, sample sfiite each DFS will be

randomly redrawn; therefore, each stochastic run rasylt ina different

optimal FTL
Indices:

W Index of a stand

@ Index of the stanthatcontainsa rastercell @

Ghoae Indices ofrastercdls. Cel |l 6s i nde xleftdotthee bdttam f r o m
right of a rasterized testing landscape

"BCHQ The occurrenceorder of samplefires in a planningperiod.In a specific
planning period,a fire indexed by Q¢ I'tHQ  p occursimmediately
before the firandexed byQé I'hQ  ¢.

o) Index ofageclassof the forest ima raster cejlage class is used to estimate
the forest value to be protectadd also theritical threshold of fire line
intensity in each cell

ghe Indices ofDFSsamples

0 Index of a planning period

17
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Parameters:

f

h

S
c'|c|c
{5 —— EMAGAIT AADOE AIAA ¢ LC
c' c'
C
{5 L —— EMAGAIT AADOE AR olc Ic

An ordeed set dnotes the three attributes od samplefire: 0 is the
planning period whethis fire occurs; Qs the occurrencerder ofthis fire

in periodv ; and¢ is the DFSin whichthisfire belongs

Half of the distance foa fire to spread from the center of céll to the

center ofits adjacentell ¢

wherecell-sizeis the size length of a rater cell

A small positive numberwhich is arbitrarilyset Whena fire control line

is built in a cell,the MFAT of this cell iscalculated bythe sum of and

t h e dciivespréad duratiomdicaing that ths fire would not burn the
correspondingell.

The total number of cellsithin stand

The tdal number of adjacent cells tifecell @

« The pre-calculatedcritical thresholdof fire line intensityin cell wwhen

this cell is in ageclass™Gat occurrence time of fired H&E . | assumef

fire 0A® burnscell Gwith the estimatedire line intensity meeing or

18



=1
= x

=y
=
5¢

¢
¢

5¢

>5¢

>¢
>5¢

exceethg this threshold (e.g. Q s 7 ©O ), it would

=1
= x
=
= x

becomecrown firein cell &

The pre-calculatedfire line intensity of fire 0 R@& whenit first ignites

andspreadsn cell wandthis cell has not beemeatedby prescribed fire

within @ planning periodsand burned withinw planning periodsThis

parameter is set eroif cell wis notthe ignition cellof fire 0 A .

The pre-calculatedfire line intensity of fire 0 H& when it first ignites

and spreads imell and this cell has beetreatedby prescribed fire

within w planning periods or burned withiw plannirg periods This

parameter is set &eroif cell Qis notthe ignition cell of fire 0 A .
andO g g

O i fnv  is thepre-calculatedire line intensity in cell®if fire 0 A6

spread from @ into @atspread rat&Y 0 "Yi; fn ; While'O o gy iS

the pre-calculatedfire line intensity in celloif fire 0 € spread from

o into wat spread rat&r § "Yir qv (O fp fa O i kv )

A binary parameter, which is set tmeif fire 0HR@® ignitesin cell @

This parameter will be set to zeib @is not the ignition cell of fire

0 e .
The ative spreadduration of fire 0H®& determined exogenously

throughrandomdraw.

Age-class otheforest incell Gat the beginning ahe first period

The ime of accurrencei(e. year) ofsamplefire 0 HE .
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C

The time {.e. year) at the beginning diie planningperiodv (e.g.in case
usng 10-year planning period 0 M, 0 p mando ¢
This parametehelpscalculate the discounted cost of fuel treatnvenich
is assumed to becheduledt the beginning of each planning period

A large positive number (Big M).

The total number oDFS samples Throughout this dissertatiohusethe
tebmisample sized to represent

A predefinedper-cell based traamentcostif that cellhasnot beertreated
by prescribed firewithin @ planning periodsand burned within w
planning periods

A predefinedpercell based treatmembst if that cellhasbeentreatedby

prescribedfire within w plaming periods or burned withio planning
periods | assume) 0

A predefineccost for buildingfire controlline in cell@during syppression
of afire.

An adoptedannualdiscountrate

and'Y 0 Y pn

YO Y gy is theestimatedspreadrate of fire 0 H@E in cell owhen
this fire spreadinto ¢ from its adjacent celld and when®hasnot been
treatedby prescribed firavithin @ planning periodsindburned withinw

planning periodsEight values of YO ¥ v  are pre-calculatedto

account for theeight possible spreagathsinto cell & If cell Ghas been
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YO Yk f o

=1

5¢

¢

5¢

treatedby prescribed firavithin @ planning @riods or burned withii
planning periodsthe spread rate in this cell is assumed to be reduced to

YO "Yir g With'YO "Yai g YO "Yai fn

YU "V ;o is the estimated spreadte of fire 0 H€ in cell & when
this fire spreads fron® to its adjacent celfband whenc hasnot been
treatedby prescribed firavithin @ planning peiodsandburned withinw
planning periods Eight values of YO0 "Y;; j o are pre-calculatedto
account for the eigtpgossible spreagathsfrom cell &. If cell & has been
treatedby prescribed firavithin @ planning period or burned withirw
planning periodsthe spread rate in this cell is assumed to be reduced to
YO Yig fo With'YO "Yiap 5 o YO Y fo -

A pre-calculatedvalueto be protecteih cell Gwhenthe forest inthis cell
is in ageclassQThevalueto be protecteéh acell is assumed tbe lostif
it is burned by arownfire.

Fire loss incell Gif the forest inthis cell is in ageclass™Cat occurrence
time of fire 0H@ and this fireburns as surface firein ¢; | assume
@ fR RR WR- @ FR R could also be set to zeto indicate fire would
be not harmful and would cause zero loss

The total number of planning pedsin the entire planning horizon
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w The number oftontinuous planningeriodsin which the BEs from fuel

treatment would last

W The number ofcontinuous planningperiods in which the BEs from

wildfire would last

Sets:

0 The set of all ginds inalandscape

0 The set of all cells ialandscape

6 < The set of flammable cells inside tMSRof fire 0@ . The MSRof
eachsampléfire is pre-calculated byhe preprocessg algorithm

0 The set ball cellsin standa

0 The set of adjacent celis cell &(shaing anedge o vertex withd). This
set doesot include nofflammable cells

6 = The ignition cell of fire 0 @& exogenously selectenly random draw
based orthe historical ignition frequencyin eachflammablecell in the
entire landscape

0 « The setof cells thatare eithemonflammableor outsidethe MSRof fire

ORE ;6 w00 iR -
O fi F The set of agelasses which: forest in calican only be in one of these

ageclasses abccurrence timef fire 0 i@ . For example,

~ ~

Oprp  TO ; Owzp TP p; Opnp  TiPRAD

(illustrative examplavill be given in sectior.4).
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W p A set of planning periods which includes the totalbumber of periods
counting back from period). For example,w ;would include only
period 3, whilew would include both period 2 and period 3

W A set of planning periodthat, if fuel treatmenis implementedn these
periodsthen its BEs will last into period 0. This set includes periods
fromb @ poéL p.

W A set of planning periodthat,if a fire occus in theseperiodsthenits BEs

will last into period 0. This set includes perioddfom 0

poEL p.

Variables:
In this study, fia spread pathis defned as the path connecting the center of a celi¢o
center of an adjacent cefi Aspread routeo adestinedc e Imhydnclude multiple connected
spread pathfor a fire to spreadrom the ignition cell to that destined ceM fire canreachthe
cente of a cell by following different spreadroutesas illustrated in Figure.7This model tracks
all the possible fire spread routes to a cell, and finds the fastesindic®ted by theVIFAT of
thatcell. If the MFAT of a cellis less than the active fispread duration then that cell is defined
as fAburhmedghout this dissertat i owildfirettchagoidt e r m

the confusion when prescribed firrused.
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Figure 7. An illustrative example of fire spreading in a rasteriletiscape. The fire is assumed

to ignite in cell number 1. It can spread to cell number 2 by following different spread routes. In
this example, lonly draw threeof the manypossible routes for the fire to spread frohe
ignition cell 1 to cell 2.

&) A binary variablereceiving a value obneif fire 0H®& successfully

=3
¢
=x
0«

spreads from celbinto its adjacentell caeand the spread path fromto
caamust belong to the fastest spread route this fire to Gze otherwise
® RRoRR T

Q iR A binary variablereceiving a value obneif fire 0HR€ burns cellc
otherwiseQ ;U

Q & h A continuous variable to calculathe fire line intensity in cell®if it is
burned by fire 0 i when this fire spread®llowing its fastest spread
routeinto cell® If fire 0 A€ does not burn celbthenQ ; ;T

Q A continuous variable to calculate the total discourfiredioss for then™

DFS
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=3
0%¢
=x
0%¢

=1
¢

>¢
=yt

5¢
¢
5¢
¢

A continuous variable to calculate the total discountmst from
prescribed burninépr then™ DFS,

A continuous variable to calculate the total discountsbt from
prescribed burningcheduledn periodt for then DFS

A continuous variable to calculate the total discounted frost fire-
controtline constructiorfor then™ DFS,

When fire 0FH® occurs we need to track the agjass of cellto
identify the fire loss. The age class Gfis determined by crown fire
occurrences irthis cell before fire 0 R starts This binary variable
tracks if any crown fire has occurred in cellin period 0 before
occurrence time of fire0 H& . It would be set to one ifat least one
crownfire hasburredcell ¢

A binary variable receing a value ofoneif eitherfire 0 R does not
burn cellaor it burns as surfacéire in cell & If fire 0R& burns as
crown fire incell Othené ;T

A binary variablereceiving a value obneif at occurrencdime of fire
0 R€ , cell @has beertreatedby prescribed firewithin ¢ planning
periods or burned withid planning periodsotherwse, n pr 7 T

A binary variablereceiving a value ofneif the forest incell is in age

classat occurrence timef fire 0 H ; otherwisen i 7 U
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>5¢

h

h

h

h

A binary variablereceivirg a value obneif fire controlline is built in cell

o to protect that cell frombeing burnedby fire 0 R ; otherwise

I Rip T
Forthen™ DFS this integer variable calculas¢he total number of celis

standin period0 thathavenot beertreatedby prescribed firavithin w

planning periodsindburned withinw planning periods

A continuousvariable totrack the MFAT of cell ¢y which is calculated
based orthe fastest route for fire) i€¢ to spreadnto the center of

A binary variable receiving a value oheif cell Gin ageclassQs burned
by fire 0HE . If either cell®is notin ageclassCor fire 0 does

not burn this cell then ¢ g TU

A binary variablereceiving a value obneif fire 0HR@ burns as crown
fire in cell @and this cellis in ageclassQat occurrence time ofire

0 A€ : otherwise D T

=3
=
¢
5%

hh AR

A binary variablereceiving a value obneif fire 0 A® burns as surface
fire in cell wand this cell is in agelass™Qat occurrence time ofire

O A€ : otherwise D T

hh hh
A Dbinary variable receiving a value ofone if prescribed burnings

implementedat the beginning operiod 0 in standc in the n™ DFS;

otherwisew p; TU
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W hi K A binary variablereceiving a value fooneif either fire control line has

been built in celtbor the MFAT for fire 0 ¢ arrivingthe center of cell

~

Wis greater than -durhtiar; otherwise® ¢jsyp a8t i ve ¢
(o e A binary variablereceiving a vala of oneif at the beginning of period

in the "™ DFS, cell is identified asnot béng treatedby prescribed fire

within @ planning periodsand burned within @ planning periods

otherwised pr TU

2.4 Model formulation

Minimize:
B2 @ 0 )
Subiject to:
® FR O R I ek 2
| R £ R R boN 6 - NEER (3)
Qwik | Rk P bom 6 o HEERD 4
O fih  Onr * 1 Rk
bov 6 - w  NEERD (5)
O frp T I & 6 . HEE h) (6)
Q r g T QN 6 - AR 7)
Qg —m MR R L On 6 - AeEm (9)
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h h hh 1(:)”0 . V'QVTFU
R P b oN 6 " HEE h) (20
A O R O B
b on 6 i 6 6 . AR (11)
Q hh ok
b on 6 = i 6 6 = A (12
® fi Rk P
N 6 i 6 6 = A& (13
ﬁﬁa)ﬁn”nﬁﬁ Qwn Ownn
b on 6 - M@ (14)
i B Qurrg B v @rpy B« B Q gy
on s REER) (19
Win B Qgrpg B s B v B Q {45
0
L oN & - [ (16)
h 0 hh ﬁﬁﬁﬁN rl hh ﬁ: AN ﬁﬁﬁhN
ﬁﬁﬁﬁo r] hh h ﬁ:ﬁo ﬁﬁﬁﬁo
0 P Qa1 fin
N 0 S AR T - R (17)
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Objective function
Equation 1minimizes the sum of average discountptescribed burningost, average
discounted fire suppression cosind average discountefire loss acrossall modeledDFS

samples

Modelfire management decisions

Equation 2guaranteeshe samefirst stage prescribed bung decision(FT1) to be
applied for all DFS samplesilt r ef | ect santth &€ i fiabinvithisystochasticoper t
program which requiresa consistenFT1 to be maddefore realizing theandomoutcomefrom
future fireandmanagement situationsire control linescanonly be builtin cells wherefire line
intensitiesarelow thatafire could nottransitinto acrown fireunder thenfluence ofwind speed
and direction associated with that fifEquation 3. | assume ife control line in a cell will
always hold and save the¢ll from being buradunder the modeled fire line intensiizquation
4). The MFAT of a cell will be setto an arbitrarily selectedaluegreater than thpredefinedire
spreaddurationto indicatea successful establishmeand tolding of fire controlline in that cell

(Equationb).
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Modelwildfires
Each fre stars at time zero fom its ignition cell (Equation $andwill not burn non
flammable cells ocells lying outsidats MSR(Equaton 7). A cell is considered as burnbg a

fire (Q pr 7 p) if that firearrivesthe center of the cell within ifsreddined activefire spread
duration (Equation )8 otherwise that cell is considered unburf@d 7 1 P®WE Q ki F
m) (Equatiors 9 and 10. A cell mustbe burnedQ 7  p) if any of its adjacent celllying
insidet h e M3SRwasbdwnedQ 5y 5 p), unlessfire controllineisbuilt init (  ff 5

p), or fire cannbspread intat within the predefinedactive fire spreadduration (Equation 11

After a cell is burnedQ 7 5 p), fire can spread from iinto any of itsadjacent cells
(0 ki rp Vvariable is fee to be 0 or 1) (Equation JLThe potential of fire burning back after
spreadng from one cell to anotheell is not modeledEquation 13. Equation 14ensures that a
nortignition cell canonly be burnedQ s 1  p) by the fire spreading from exactly one of its

adjacent cellsg . . ® i 5 i P). Equation 14alsoassumeshata fire will not spread

back toits ignition cell

In this model,only the fastest routéor a fire to spread from its ignition cell to a
flammable cellying insideits MSRis recorded byracking theMFAT of that cell. Equatiors 15

and 16work together to trackvhether a cell hakeenfireatedby prescribed firewithin w

planning periods or burned withib planning periodsat the time asamplefire 0 H starts
The MFAT of eachcell (@) is calcuated in Equations 17 and 18 tracking all the possible
spreadpathsfrom its adjacent cellgoward it In the spread patfrom cell & to & fire would

spread with spread raté( "V v in cell@andspread ratéf O "Yi; 1 o in its adjacent cell
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& under the assumption that batlls ®and® havenot been treated withitb planning periods
andburned withinw planning periodslf a cell has beetreated withinw planning periods or

burned wihin @ planning periodsspread raten thatcell would decreaséo be'Y 0 Y i in
andY O "Yg; 5 o )- The two Equatios 17 and 18vork together as follows:
f Equation 17dentifies theflupper bound for the MFAT of cell ¢ Fire cannot arrivéhe
centerof cell wlaterthanthe MFAT of any of its adjacent cel(®) plus the spread time
from the center ofd to the center of If the fire does not burcell ® (Q (; ; ™ or
if fire controlline is constructed in ced(i {7 5 p),t hei oi BMO wi | | guar a:
thefiupper boundwill not be set.
f Equation 18dentifies theflower bouna for the MFAT of cell ¢ Fire cannot arrivéhe
center ofcell oearlierthanthe MFAT of any of its adjacent cellsy) plus the spread time
from the center of to the center ofo If thefire cannot spread fromd to (M & ff;
m,t hei gh BMO wi | | thgflower boonid eikenottbé stt
§ The exactMFAT of cell can be identifiedvhen t he fAupper boundo
b o u rack &set andorverged (equal values). Otherwise, theMIFAT of cell will be
assignedan arbitrary valugreater than theampleactivefire spreadduratian to indicate

fire would notburnthat cell.

Only one of the eight possible spread pdiimsn adjacent cell§c)Np wis part ofthe
fastestiire spread route to cedb The fireline intensityin cell dwould be calculatetasel on the

spread patfthat belongs tohie fastest fire spread rouEquations 19, 20, 21, and 2H).cell ®

has not been treated withinw planning periodsand burned within @ planning period

33



(N w5 T, the fireline intensity in cellowould beO ; v . If that cell hasbeentreated

within w planning periods or burned withi® planning perioddnl s ; P), the fireline
intensitywould bedeceaseto’O ;v . The fire line intensity in celois then comparedbt
the critical threshold of fire line intensity that samecell at its current agelass (agelass of
cell Mat occurrenceime of fire 0 R ) to decide whether a fire) i€ would burn celldas

crown fire (¢ g mandQ yr s B O ke N FR RR), Or as surface fire

>5¢
=y

(¢ wir pandm Qg pr B O 5w N RR RR). OF it would not burn celd

=x
pmy

€ mr pandQ pr i T (Equations 23 and 24).

¢
oy

Estimatefire damages andonsequencesf prescribed burningindfire suppression
In this modelthe smallest treatment uridr prescribedurning based fudteatments a

forest stand anthe cost of treating a stand dalculated by the total costs of treating all cells
within it, assuming cellsitreated withinw planning periods or burned withie» planning
period® would have lower treatment cosb ( 0 ). At the beinning of each planning
period,cellsthathave beeritreated withinw planning periods or burned within p e r i aved s 0
trackedby Equations 8, 26, and27, andthe total numbeof such cell{i ; ™) isidentified

for each stan@Equatian 28) only whenprescribedurningis implementedn the standw f

p) (Equation29); otherwise,i j is set tozero.For eachDFS the total discounted cost of
prescribedourningin eachplanningperiod is calculate¢Equaton 30), andis constrainedo be
nonincreasing while moving from one period to the n@&quation 3). This management rule

helps more evenly distribute treatment workload across tifftee total dscounted cost of

prescribedourningfor eachDFSis calculatedn Equaion 32 by summing ugprescribed burning
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costs in all planning period¥he total discounted cogir building fire controllinesis calculated

for eachDFSasin Equation 3.

In this model, forest agelass of a cell is identified dhe time immedately before the
occurrence of eacfire (by ] #p 5 variabld. Each time when a fired i@ occurs, past fire
situations in each celWill be tracked (Equations 34 and 35) and used to identify the forest age
class of thatell atthe occurremetime of fire 0 & (Equations 36, 37, 3&nd 39. The logic
of the four Equations36, 37,38, and 3® can bedescribedby the following example. In this
example, | assume the aglass of forest in the celbis 0 at the begining of thefirst period. |
usean example set dhree fires in threeontinuousplanning periods denoted fiye pheE |
fire ch ,andfire ofif® ;this modelidentifiesthe ageclass of celtoat the timémmediately
before the occurrence of each fiftach of those three fires can occur before or after the
occurrences ofhe other fires(see also Figure tor the illustration of cellageclass transition
under the influences of firgsThe set of equations used to identify the age class ofoetthe
occurrencdaime of each of those three fires are listed be(see also Figure #r illustration of

possible agelas®sof a cell at different times during a planning horigzon

For fire phe in the f' period: Ageclass of cell®at the time mmediately before the

~

occurrence of firepA® can beeitherO or0 (0 77 5 THD )

~
g

N ki AR T 0 gy g
N RA AR Qi AR
N kh RE N kR RE P
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For fire chf in the 2' period: Ageclass of cell®at the time immediately before the

occurrence of firegi® canonlybe0,1,a8 p@© 7 5 TP p)

N R RRTO G INT
N R AR QAR AR

N fR AR QR AR QAR AR

N Ri fk N FR AR N AR AR p

For fire ofit® in the 3 period: Ageclass of cell®at the time immediately before the

occurrence of fireofi@® canonly be 0, 1, 2, a0 ¢ (0 55 5 TiPRR ¢ (see also

illustration inFigure §

N wh ke TC ¢ VT

N R RR QAR AR

N R AR QAR AR QR RR

N fh AR QAR AR QAR AR QAR AR

N hi ik N R AR N AR AR N RR AR p
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Age-class Possible agelasses Possible agelasses Possible agelasses
at the beginning at thebeginning at thebeginning atoccurrence time
of period 1 of period 2 of period 3 of fire ofi®

@m A sequence of firesccurred in the cell including at least one crown f

) A sequence of fires occurred in the cell including only surface fires or nc

Figure 8: Possible agelas®sof forest in a cell at different timekiringa threeperiod planning
horizon, assuminthe ageclass of forest in this cell is at the beginning of the first period.
Equations 40 and 41 works together to guarantee that if a fire burns a)ctieq it only
burns thatell at itsexact(or current)ageclass (the agelass immediately before the occurrence
of this fire). A fire occurrence can lead to only one of theeesituations of a cel(d) at its
current ageclass: not being burned by the fii@ (55 ;  1); being burned by the firassurface

fire in this cell 0 p); or being burned by the fire as crown fire in this cell

hh hh
(L ki P) (Equation 42). Equations43 and 44 are used totrack one of those
situations, when a fire bur@s crown fire in @ell () atits currentageclass('Q (0 BE R

receives the value of oranly for the caseavhené ;5  mandf rp 5 P). Those two

equationsA3 and 44work togethemwith equation42 to identify the exact fire situation in each
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cell atits current agelasswhena fire occursThis can help calculatée exact fire loss for each

fire. For eaclDFS the total discounted fire loss is calculabgtEquation 4.
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3 Testcases

3.1 Testcaseassumptions

An artificial landscape iglesignedfor the purpose of testing this stochastic program
(Figure9). Thelandscape includes G4éstercells with side lengtlof 150m.It is delineated into
12 standswith each stand@overing aforestedareaof homogeneousegetationcharacteristicat
the start of the planning periadBhe landscape also indes norflammable aeas (i.e. Pen

water withfi S t -tDid € 0).

STAND DELINEATION OF THE RESEARCH AREA
N

Legend
Open Water w e
- Lodgepole Pine Forest
[ Dry-Mesic Montane Mixed Conifer Forest and Woodland .

[77] Ponderosa Pine Woodland

10
1 3 9
8
0 0
6
14 B2
7

0 0.3 06 1.2 Kilometers

1 4 + 4 1 " 4 +
I T T T T T T T 1

Figure 9: An artificial landscape used buildtest cases, which is delineated into 12 stands. The
number in each stand represetd$i St -& DA
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Samplefires andmanagementecisionsare modeledor threeplanningperiods (0w = 0);
each period lasts for 10 yeaAll flammable cells in the landscape assumed to bat age

class threat thebeginningof the first period0 0). The BEsfrom prescribed fireor wildfire
would be assumed tboth last for two continuousperiods in which following wildfires would

have spread rate and intensity reduced by 50%.annuatliscountrate is set to 4%Y 181 J.

Each planning periodnay havezero to multiple samplefires from random draw.
Random numbers are also drawrd&germineignition locatiors, firesd occurrenceorder,active
fire-spreaddurationof each fire and a combination of wind direction and spe#tliencing the
spread okachfire. The randondraw process includes following steps:

1 Step 1:lIgnition in the atificial landscape isassumed to follow the averaggnition
frequencies of Larimer Countyased on historical fire data fro8hort (2014, which is
calculated to be 0.007812&r eachflammable rastercell (150m side lengthdluringeach
10-yearplanning periodTo decide whethea samplefire would ignite in a flammable
cell in eachplanning periogda random number fromtb 10000 will be drawnA number
078 indicatesanignition in the cella number 78 indicatesino i gni ti ono.

1 Step 2: Afteridentified theignition locations osamplefires in a planning periofin step
1), the occurrencerdess of all fires in this periodwill be randomly deadedand evenly
distributed across time in that same periédr examplejf there are three fires in a
planning period,each fire will be randomly assigned an order ohe two, or three
occurred in yeaR.5 5o0r 7.5.

1 Step 3:For eachksamplefire, arandan number in the range fro®60 to 1440 minutes (6

to 24 hours)s drawnand used athef i r e 6 spreadadtratione
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1 Step 4 For eachsamplefire, arandomnumberbetweenl and10Q0 is drawn toassign a
combination ofwind direction and speeduring that fire (Table 1) Wind direction and
speed are assumed to follow thistorical patternof a 10-year RAWS data €ollected
during April-October of 2002013from Red Feathdrake stationin Colorado- Western

us).

Table 1: Randomnumbers are used to decidiénd direction and speed influencing the
sample fires. Wind direction and speed in the testing landscape are assumed tthé&llow
historicalpatternof a10-year RAWS data&ollected from Red Feature Lake station.

Random wind Wind Speed  Azimuth Cumulative
Number Direction (mph) (degree) Percentage(%)
1-20 N 4.5 0 2.0

21-36 NNE 4 22.5 3.6

37-67 NNW 5 337.5 6.7

68114 NE 4.9 45 11.4
115147 ENE 4.6 67.5 14.7
148194 E 5 90 194
195270 ESE 5.3 112.5 27.0
271-320 SE 5.2 135 32.0
321-341 SSE 4.4 1575 34.1
342358 S 4.7 180 35.8
359390 SSW 55 202.5 39.0
391:522 SW 5.2 225 52.2
523653 WSW 6.6 247.5 65.3
654-808 w 7.8 270 80.8
809934 WNW 8 292.5 93.4
9351000 NW 6.1 315 100.0
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For eachsamplefire, the fire spreadrateandassociated firéine intensityin each cellre
pre-estimated

1 Step 1L:FLAMMAP (v1.5) calculates the spread rate and associated fire line intemsity
each cell fothe max spread directiaf the firein that cell (the spread direction in which
fire would travel the fasist).It also reports the dimension of thesamed elliptical shape
of fire-spread in each cell.

1 Step 2: Base otheelliptical dimension of fire spreading, tispread rate and associated
fire line intensityin each cell fothe max spread direction (itep 1),the spread ratand
associated fire line intensiiy each cellfor the direction of interestan be calculated

(describe later).

The following inputs are used for runnifgAMMARP:

 1%input: alandscape filgLCP file) is created to representettiopographyand
fuel condition of thetestinglandscapedetails describeth Table 3. This LCP
file includesfive GIS raster themeElevation, Slope, Aspect, FuModel, and
Canopy Cover Elevation, Slope, Aspect, and Fuel Model are created by using
LANDFIRE data(http://www.landfire.gov)of a real landscape located in Larimer
County i Colorado with the coordinate exterft®m upper left: 40.869494,
105.5856 to lower right: 40.859013105.5719. Canopy @ver is artificially
createdor each raster delith a random range between 80% and 1@60%mimic

a potential forest condition with substantial riskdefrimentakcrownfires.
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Table 2: An LCP file is used to represent topography and fuel condition of the
testing landscape.

Raster Themes Cell Value

Elevation 2,455 2.587m

Slope 5-90%

Aspect 0, 45, 90, 135, 180, 225, 270, 315, 360

98 (Open Water)
122 (Mixed Conifer Forest and Woodland)

Fuel Model 165 (Ponderosa Pine Woodland)
183 (Lodge pole Pine Forest)
Canopy Cover 80-100%

T 2"%input; Foliar moisture contentfMC) is set to 100% as defauklthough FMC
can vary with treespecies and time of year, the rangd=MC for most species
straddles 100% (Agee et al., 2003cott and Reinhard2Q001) show relative
insensitivity of crown fie initiaion to this parameter

1 3% input: Wind direction and speed during the active sprachtion of the

samplefire aredecided by the randoraw processlescribed earlier.

FLAMMAP can identify the ma spread directiorof a fire spreadingn each cell.lt
modelsf i re spread in each cell by an el liptical

max spread direction. The follomg outputs from FLAMMAP are exported

_ i n [ mrr Parameters describing the elliptical shape of firéi@® spreading
in cell & where_ ; 5 denotes half the distance between two
foci, and] s b denotes half t he mh@ngt h

axis
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O wh h Fire line intensity in cellowhen fire 0 i€ spreads following the
max sprad direction in that same cell
YO i Spread rate in celbwhen fire 0 € spreads following the max

spread directionn that same cell

To calculatehe spread ratandassociated fire line intensity in each dell the direction

of interestthefollowing parametesarealsoneededsee also illustration in Figure }0

— kA R The angle between the max spd direction in celkd and the
spreaddirection when fire 0 i€t spreads from the center @fto
the center ofd

— i R The angle between the max spread direction in detind the
spreaddirection when fire 0 if® spreads from the center af to

the center 06
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Max spread direction in cetl

Figure 10 lllustration ofthe angle between the max spread direcdiot the spread directiaf
interest fromw to w(See also Figure 5 for illustration of alightpossible spreadirectionsfrom

or toward a cell).

Fire spread ratand intensityfor the direction of interestould thenbe calculatedbased

onWei et al. (201} as follows:

Spread rate in cetbwhen fire 0 i@ spreads fronw to Qis calculated by:

o [ RRh B — FR F
Y0 Yﬁﬁ - hh h Th,h 'h
FER — AR R WEHRR R

QR —mr “7¢ (46)

YO Ve o [ hh ok — AR K

hh hN T 7
[ Wh — mRAh WET —iprn

QI — g ¢ (47)
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Spread rate in cedb when fire 0 A@ spreadd$rom @ to is calculated by:

v 7 e [_ hh h = hh h
Y0 Yﬁﬁ - hh h Thl:l h
[ Rk — AR R WE+ R
Q00 —hp TG (48)
NG Y e [ hh — hh h
hh h © T
[ mih — mih WET —mp
EONO) (G (49

Base on the spread raé@d assciatal fire line intensityfor the max spread direction

derived from FLAMMAP, | calculate fire line intensity in each delt the spread direction of

interestas follows:

Fire line intensity in celfowhen fire 0 i@ spreads fronw to Gis calculded by:

O fi v O hAd e (50)

Fire line intensity in celld when fire 0 i€ spreads fronw to qis calculated by:

O whno O wrn
hh h

Equations from 46 to 51 are us#al estimatethe spread rate and associated fire line

intensity from or toward each cell when it hast been treatetdy prescribed firewithin

planning periodsand burned withinw planning periodslIf that cell has been treateby
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prescribed firawithin @ planning periods or burned withia planning periodsthe spread rate

andassociatedhtensity inthatcell areassumed to beedreased by 5096 thetest casg

YO "Yig g =YO Yy g
YU Yir koo -YU Y f oo
O i fn -0 i hn
O #ino -O frko

For eachsamplefire, thecritical threshold ofire line intensityfor transition from surface

fire to crown firein each cell is calculated baseddan Wagner (197Yas a function of canopy

base heightGBH) and foliar moisture contenEiC).

0¢
¢
¢
¢

where:

0 0 O wn

"00 O j

¢
>

As Scott (2012 suggestedCBH i s

estimate, so adjustment of this parameter may be necessary to obtainbieamanodeling

mrp 60 O an

Denot ecanopythaes i

(52)
(53)
(54)

(55)

h foresthiricell ®dt age-classat

the occurrenceime of fire 0 & .

Denot es t he

O R starts.
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r e s ubstimatingCBH is more thanmeasuring the lowestrown base heightr the average
crown base height in a staf@cott and Reinhardt 20Q1Rather, the vertical distribution of fuel
load need to be corsidered.Various definitions of CBH have beernntroducedand listed in
Table 3 manyof themfollow Van Wagne®s suggestiorf1993 that CBH is the lowest height
above the ground at which theresgfficient canopy fuel to propagatgown fire. Measured
CBH canvary by different measuraent methodsand camngreatly impact fire modeling results
For the purpose desing this stochastic prograrnhassignedCBH randomly in a cell according
to forestageclas®sin the cell

 AgeclassQ p (1-10years)d 6 Gy 5y P C4.

 AgeclassQ ¢ (11-20years)6 6 Gy 5 ¢ 04

 AgeclassQ o( ¢ pyears)d 6 O o 14.

5¢
¢

Table 3; Definitions of CBH from different sources

Source Definition

The averge crown base height the stand
The lowest crown base heightthe stand
Fulé et al. (200R The lowest 20 percentile of all crown base heights in the stanc
Hoffman et al. (200)
Sando and Wick (1972 The height at which a minimum bulk density of fine fuel (100
Ib/acre/ft, 0.037 kg/f) is found
Beukema et al. (1997  The height at which a minimum bulk density of fine fuel (30
Ib/acre/ft, 0.011 kg/r}) is found
Cruz et al. (2008 CBHis calculated by anlebmetric equatioras a linear function of

standheight and basal area
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In the test casekonly model theeffectof prescribedire on modifyingsurface fued, and
assume thaurfacefire and prescribed firevould notchangecanopycharacteristicWithin a 10-
yearplanning periodafter a celis burned by acrownfire, forestageclasswill be reset tazero.l
assumeany following fire in that same periodvould be surface firePy assigning a very large

positivevalue(Big M) to the CBH of forestat age class zer®o (6 G 5 0 ).

Varioussourcesof information arealsocollectedto estimaterelative prescribed burning
cost suppressiortost and valueto be protected from fire ieach cellin the esting landscape
(Table 9. Prescribed burningostis set tobe one (0 p) for every cell thathas not been
treated withinw planning periods andurned withincw planning periodsTreatment cosin a
cell would be assumed to beduce by 50%if that cell has been treated withimo planning
periods or burned withitb planning period$0 T®). Suppressiorost(the cost for building
fire control line in each céllis set totwo (0 ¢), and isassumed to be the same for every
cell. In the test casg | assumesurfae fires wouldcause zero fire log@ll ® i i parameters
are set to zejoFor crown fires, two assumegbercell valuelossesare used:

17 Low: wp T, andwy, U

1 High: wf ), andwy; T
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Table 4: Fueltreatment cost, suppression cost, and potential forest value to be protected have

been estimated in different ways by various sources.

Cost or Value

Source

Fuel reatment in general forest

$130%$1,100/acre

Buckley and Podolak (2014

Prescribed fire treatment $125%$490/acre Hartsough et al. (2008

Mechanical treatment $700$2,084/acre

Slash reduction burning $167acre (Cleaves et al. 1999

Prescrbednatural fire $104acre

Management ignited fire $78/acre

Suppression for large fires $101$781/acreburned| Buckley and Podolak (20)4
Dale (2009

Suppression for similasized fires| $706$825/acreburned | Fitch (2013

and conditions imntreated areas

Suppression for similesized fires| $287%$327/acreburned

and conditionsn treated areas

Suppression for large fires $370$826chain (*) Smith (1987

Forest timber value

$3,700%4,300/acre

Calculated based ahe

estimated net volume of saw
timber (Smith et al. 2009 and
sawtimberprice (RISI, 2014

http://www.risiinfo.con)

Forest ecosyem value

$392/acre

Costanza et al. (1998
Krieger (200}

Wilderness preservation value

$1,246/acre

Loomis et al. (1996

(*):1 ATEBEAEDP@c¢ AOEKAAMIDT AA
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3.2 Test-case designs

Fueltreatment decisions at period dife'19 can be generated by the stochastic @moygr
using different sample sizes and assumptiongo test casesare designedto answerthe
following questions:

1 1) Test case onéocuses oransweingt h e q u Baed dhaping saniple size have
significant impact on the overall quality ofhe FT1ls suggeted by the stochastic
progran?o

1 2) Test case two focuses answeingt h e g u Ansohgithe FTissuggestedby the
stochastic programare some of the solutionsignificanty more efficient thanthe

other£o

For both test cases, | use a set of 300 ifesting fire sequence sampleIHSs) to
measure and compare the performancditbérent period one fuel treatment schedulBhese
TFSs aregenerated byepeatedly andandomly drawing fires based on historical data of wind
and fire (as described in secti8rl). Theyrepresena set oimany possibldire situations across

a threeperiod planning horizon in the testing landscape.

19 TFS

24 TFS
Create a set of 300 i.i.dFSs

300" TFS

Figure 11 A set of 300i.i.d. TFSsis generated to represeatset ofpossiblefire situations
across a threperiod planning horizon in the testing landscapbese samplesre used to
measue and compa the quality ofFT1sin both test cases one and two
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Test case onevaluate the impaadf changing sample size on therformanceof FT1sfromthe
stochastic program

| first use the stochastic prograrno find manyFT1s based onrandomses of fire
sequence sampled fixed sizeN. The performance dheseFT1sis evaluatedy testing against
300i.i.d. TESsthrough multiplemodelrunsasillustrated in Figure 12n eachrun, a knownFT1
is used to hardcode tliest stagefuel treatment solutigrand the stochastic modisl allowedto
make recourse decisioms all later stage$o adapt toa TFS The optimal objective function
value is reportedor each run The mearof the optimal objective valuerom the 300 runsre
calculatedDifferent sample siz&l may create solutions with various mezfroptimal objectie
function valuewhen testingagainst the800 i.i.d TFSs Pairedt-testsare used t@ompare thee

meansatthe 0.05 level of significance.

IstTFSand a randorRT1  —>{15tobj. value

2d TFSand a randorRT1 ~ —{2"d obj. value

Perform 300 model ru ' v —Mean

300" TFSand a randor®T1 —{300" obj. value

—

Figure 12 The process to calculate the mean that represents the ogesadily of FT1s
generated byhe stochastic prograosinga specifc sample sizéN. Here, each run uses an i.i.d.
TFS belonging to the fixed set of 300.d. TFSs and an i.i.dFT1 randomly generated by the
stochastic program using sample dize

Test case twoldentify the bestFT1 and the alternativeFT1s generatedy the stochastic
program using a specific sample size
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For this test case, | selecfired sample sizéN to populateall stochastic program rgn
Three hundred runs amnductedwith the seleced sample sizéo find 300FT1s Duplicated
FT1s may come ait from these runs, so the numbgenoted bylU) of uniqueset of stands
selected for fuel treatment in the first perisdess than 3Q0The performanceof eachof the U
uniqueFT1is thenevaluatedaccording tahe process illustrated in Figure 1&hee thatFT1is
hardcodedand tested againstll 300 i.i.d. TFS samples.| usethe meanof objective function
values to representhe quality of eachU unique FT1 Pairedt-testsare usedo compare the
meandetween th&J) uniqueFT1satthe0.05 level of gynificance | consider

§ The uniquerT1that results in the lowest meeTi e besFT10.

f The uniqueFT1s thatresultin the meansot significantly different wittthe lowest mean
at 95% confidenckevel and the difference is less than B%&fi He alternave FT1. For
comparison among alternatives, a lower mean represents a better [Uality

1 The best and the alternati¥d 1sare considered as high quality solutions. Ak bther

uniqueFT1s are considered as low quality.

1St TFS,and FluniqueFT1 —>r13tobj. value

2"dTES,and F'uniqueFT1 —>{ond obj. value

Perform 300 model run = Mean

300" TFS,and FuniqueFT1 —>{300n obj. value

—r

Figure 13 lllustration ofthe process to calculate the mean that representgi#tiéy of a unique
FT1(i.e. the ' uniqueFT1in this Figure)
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4 Results

Testing results are reported fibie two test cases based twmo sets ofhypothetical ratios
betweenprescribed burningost, suppression cost, and forastlue to beprotected FVP). The
detail d these ratiosvas described in sectio.1 Per cell basedFVP in the highFVP value

assumptions assumed to bwvice of theFVP in the lowFVP valueassumption

4.1 No fuel treatment and suppression

| used an averaghistorical ignition frequency 00.0078125per flammable cell othe
testing landscapé&ne hundred and oraut of the 300 randomly drawnTFSshaveno fire, the
other 199TFSsinclude between one and fiveres acrossll three modeled planning periods.
Under the influence ahe randomly drawmvind conditions freeburning fires have an average
sizeof 10 cells with random activepread duratiasfrom 6 to 24 hourswithout the impacfrom

fuel treatmenrd, suppressios, and previous fires.

| estimatel the fire losssin the set of 300 i.i.dTFSswhen all fires areallowedto burn
without interference fronbothfuel treatmentaindsuppressionThe mean and standard deviation
of discounted fire logsare estimated basedn the objective function values obtained from the
300 model ruynsNoF® ueerepheresgemtm tihhekow FVBst i mat
assumption, the mean discounted fire lfmgsthe 300 TFSs is 42.8 with standard deviatioof
39.8. The mean and stdard deviation undehe high FVP assumption araboutdoubled at 85.6
and 79.7 respectively. Standard deviatiohshe objective function valgeare largeunderboth

assumptioaof FPVs.

54



4.2 The impact of sample size on thquality of the first period prescribed burning solutions
and on model complexity

Results from test casene are presented in Figure Idr both assumptionef low and
high FPVs including the means (15A), the standard deviations (15B), an@5%econfdence
interval (15C) of eachmeancalculatedfrom the 300 objective function values as described in
section3.2 | usefimeard to compare thguality of the FT1sgenerated by the stochastic program
using a specific sample sid¢ A sample size that leads to a lovadgjective functionmeanis
considered agproducing better quality and more robusET1s to dealing withvarious fire

situations represented by the 300 i.THSs as described bgenTal and Nemirovski (1999
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O Average discounted fire loss Objective Standard Deviati
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Figure 14 Resultscomparingthe overall performance dfT1s generatedby the stochastic
program using different sample sszN. (A): Objectivefunction valuemeans, (B): ®jective
functionstandard deviationgnd (C):95% confidence intervals of tlodjective functiormeans.
Results indicatehat when sample size increaste overall quality and robustnesstioé
FT1lsgenerated by the stochastic program imprawenost of the cases, usingader sample
sizeleads to a loweobjective functiormean (18\), a lower standard deviation (15Bxdalsoa

narrower95% confidence interval(15C). Under the assumption ¢dw FVP, althoughmodels

built onsample siz@neto five lead tolower means and standard deviati@mnparing taNoFS
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statistical testéndicate that thelifferences among those meanre not significantonly models
withs amp | e san lead tofighificantly lower objective functionmeans in comparison
with NoFS Under the high FVP assumption, the improvememwf solution quality due to
increasingsample size is more obviausll the models with sample siZ2 lead tosignificantly
lower objective functionmeanscomparedo NoFS reductions in the meaare also significant

whenincreasingsample gze fromoneto more tharl0, andfrom five to 60.

Although increasing sample size can imprdhe overallqualty and robustness dghe
FT1ls generated by the stochastic prograhs effect diminishes when sample sigeows as
indicated by less differensebetweenthe means less differences between trstandard
deviations, and more overlapetweenthe 95% confidence intervalsUnder the assumption of
low FPV, | saw 12.0%reductionsof the objective functionmean and 18.1% reduction of
standard deviation when sample size increases from 1, thel@orrespondingeductionsunder
high FPV assumption are 19.8% arg2.2% respectively Quality of the FT1s across many
stochastic program runs based on larger sample Ez®@®re consistentas indicated by the
smaller difference of thebjective functiormeans. For example, timeaximumdifferenceof the
meanss less tha 2.3% when comparing between models using mp | e mdezlewFRY1 0
assumptionandc ompar i ng bet we en moQ@uadershighFRViassgmptora mp | e
Results indicatdittle improvemenif solution quality when sample size increases from 20 to 30

or from 50 to 60respectivelyfor the tvo assumptionsf low or high FPV.

Increasingsample size wodl also increase modetomplexity, reflected partially by

longer computingtime requiredto solve the stochastic progranirdble 5. Solution quality
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however, shows little differendeetweenlarge sample size modealns. For example, undéhe
low FPV assumption, increasing sample size from 20 to 30 would incszdsgontime 3.5
times (423 to 1491 minutes), but solugdrave about theame objectivéunction means (33.1)

and little differencen objectivefunctionstandard deviations (24.6 and 24.8).

Table 5. Total solving time estimated for 300 runs of the stochastic program using each different
sample size.

Sample size 1 5 10 20 30 40 50
Solving time (minutes)
_ 5 38 158 423 1491 N/A N/A
under lowFPV assumption
Solving time (minutes)
5 17 46 179 413 827 1344

under highFPV assumption

4.3 Comparison of the first period prescribed burning solutions

Fuel treatment decisionseed tobe made across space and tifeatmentdecisionsat
the first stage (or first period) needs to be carried out immediately before the refudatefire
conditions and may havenpact on future fire behaviors antanagementecourselecisionsat
later stage A good FT1 should consider the future fire situations and support future
management activitieRifferent setof randomsamplefires used bythe stochastigrogrammay
suggest differenET1s changingsample sizéN canalsosuggestlifferentFT1s Selectinga good
FT1is often challenging.

Repetitivdy running the stochastiprogramusing larger sample size can increase the
chanceof finding a goodquality FT1. However,increasingsample sizalsomakes the stochastic

programmore complex andonsequentlymore difficult to solve As indicated byresuts from
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test case one, solution qualtyll increase in a diminishing manarhen sample sizgrows This
makes it possibleto obtain a good set &fT1s with a moderatesamplesize TheFT1s selected

by using these sample setaystill have reasonably gal quality

Under the assumption of lo®PV, | seleced a sample sizeof 30 DFSsto run the
stochastigorogram 300 timeand found90 uniqueFT1s each of them representaiqueset of
stands selected for first periguescribed burningunderthe high FPV assumptionthe sample
size ¢ 60 DFSswasselectedo run thestochastigorogram300 times which also identifie@0
unique FT1s The performance of each uniqu€Tl was then evaluatedthrough @iredt-tests
with 95% confidence to remove all low qualgglutions | only focus onstudying the remaining
high quality FT1sthatinclude the bessolution foundandthe alternave solutionghathave less
than 5% differenceompared withthe discoveredowestobjective functiormeanfrom the best
solution These high qualityFT1sarelistedin the Table @and also illustrateth Figure 15and

Figure 16
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Table 6: The besFT1and the alternativET1sunder differenEPV assumptions.

Treatment 95% Confidence Interval
No Treated Stands ~ Chance (%) Amount (%)  Lower bound Mean  Upper bound
Low FPV 1 3,4,8,9 14.0 15.0 30.2 33.0 35.9
2 3,4,7,8 0.7 15.0 30.5 33.3 36.2
3 4,7,8,9 1.7 15.0 30.3 33.2 36.1
4 3,4,8,12 1.0 15.0 31.0 33.9 36.9
5 3,4,7,8,9 0.3 16.7 30.5 33.3 36.0
6 3,4,8,10 0.7 18.3 30.7 335 36.4
7 3,4,7,8,9,12 3.3 18.3 30.3 33.0 35.7
8 4,8,9,10 2.0 18.3 30.7 33.7 36.6
9 3,4,8,9,10 1.0 20.0 30.9 33.7 36.4
10 4,8,9,11 0.3 20.0 31.3 34.1 36.9
11 3,4,8,9 11 0.7 21.7 315 34.1 36.8
12 1,3 3.0 21.7 31.0 34.2 37.3
13 6 (bestFT1) 16.7 23.3 30.1 32.6 35.1
14 1,39 3.7 23.3 30.9 33.9 36.9
15 1,3,7 1.0 23.3 31.1 34.2 37.2
16 6,9 2.7 25.0 30.6 33.0 35.4
17 3,6 3.3 25.0 30.7 33.1 35.5
18 3,6,9 1.0 26.7 31.2 33.5 35.9
High FPV 1 6 3.0 23.3 41.3 46.3 51.4
2 6,9 3.3 25.0 41.3 46.1 51.0
3 3,6 3.0 25.0 41.4 46.2 51.0
4 3,6,9 4.0 26.7 41.5 46.2 50.8
5 6, 8 1.0 30.0 41.7 46.2 50.7
6 6,8,9 3.0 317 41.8 46.2 50.6
7 1,3,4,8,9 3.7 35.0 42.1 46.3 50.5
8 1,3,4,7,8,9 0.3 36.7 42.1 46.0 49.9
9 1,6 7.7 43.3 41.2 44.3 47.4
10 1, 6,9 bestFT1) 4.7 45.0 41.4 44.2 47.0
11 1,36 5.3 45.0 415 443 47.0
12 1,3,6,9 3.3 46.7 41.7 44.2 46.7
13 1,6,10 0.3 48.3 42.4 45.1 47.7
14 1,4,6 0.7 48.3 43.0 46.0 49.0
15 1,6,8 1.7 50.0 42.0 44.3 46.6
16 1,3,6,10 0.3 50.0 42.7 45.0 47.3
17 1,6,9, 10 0.3 50.0 42.7 45.1 47.5
18 1,6,8,9 4.3 51.7 42.2 44.3 46.3
19 1,3,6,8 1.7 51.7 425 445 46.5
20 1,3,6,8,9 2.0 53.3 42.8 44.6 46.4
21 1,6,8,9,10 0.3 56.7 44.0 45.8 47.6
22 1,3,4,6,8,9 0.3 58.3 44.6 46.3 47.9

Chance= (total number of duplicationf auniqueFT21)/(total number ofunsg)x100
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Figure 15 The best and the alternatiel'ls under the assumption dfow FPV. Results
include (A): Objective means, (B): lgective standard deviationand (C):95% confidence
intervals of the means.
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