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Prostorova optimalizace mytnich téZeb

Abstrakt

Uz vice nez 150 let jsou na tizemi dne$ni Ceské republiky pouZivany pro planovani
tézeb tzv. tézebni ukazatelé. Se socidlnimi zménami, které od vzniku rtiznych tézebnich
ukazatelli probéhly, ale roste vyznam ruznych funkci lesa. Predev$im pak z pohledu
trvalé udrzitelnosti jsou nejvice problematické zmény ve vlastnické struktufe lest po
roce 1989. Soucasné tézebni ukazatelé také bohuzel nezohlediiuji aktudlni vékovou
strukturu, a tak 1 sebemensi abiotické nebo biotické disturbance mohou naprosto
znemoznit objektivni planovani. Zmény vlastnické struktury lesi a nevhodnost
soucCasnych tézebnich ukazatelli vylucuji zajisténi vyrovnanych t€zeb v dlouhodobéjsim
casovém méfitku. Metody operaéniho vyzkumu, jako je napiiklad matematické
programovani nebo heuristické metody, poskytuji alternativu k historickym metodam
planovani, protoZze mohou zohlednit jak vékovou strukturu, tak i prostorové vztahy mezi

obnovnimi prvky v rdmci nékolikaletych horizontt.

Kli¢ova slova: celociselné programovani, heuristické metody, mimoprodukéni funkce,

vyrovnanost t¢zeb

The spatial final cut optimization

Abstract

For more than 150 years, timber indicators have been used for forest harvest scheduling
in the region of current Czech Republic. With social changes and increased importance
of forest yields and functions, there has been significant changes in forest management
during this time. The changes in ownership structure after 1989 are most problematic
from a sustainability standpoint. Also, the timber indicators cannot consider forest age
structure, which is not ideal because even small changes related to abiotic and biotic
disturbances may inhibit forest planning efforts. These changes to forest ownership and
structure combined with current timber indicators make it difficult to ensure sustainable
harvest levels over long time horizons. Methods of operations research, such as
mathematical programming and heuristic methods, provide alternatives to historical
harvest scheduling methods because they can account for forest age structure and spatial

relationships over long scheduling horizons.

Key Words: integer programming, heuristic methods, non-timber forest functions,

harvest sustainability
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1 Pouzité symboly a pojmy

X, Y,z
I

P

p

i,j

strukturni proménné

mnozina vSech obnovnich prvka

mnozina vSech planovacich period

index planovaci periody; p € P

indexy proménnych (obnovnich prvkl);i € I,j € J
ucelova funkce

cenovy koeficient (napf. definovany vynos z té¢zby apod.)
hodnota pravé strany vlastniho omezeni

strukturni koeficient

zasoba obnovniho prvku

plocha obnovniho prvku

dolni hranice mozné celkové tézby

horni hranice mozné celkové t&zby

mnozina v§ech obnovnich prvki sousednich k obnovnimu prvku
[

plo$né omezeni

kladné procentudlni odchylka (%)

zéporna procentualni odchylka (%)

pocet strukturnich proménnych modelu
pocet vlastnich omezeni

soustava nerovnic vyjadiena ve form¢ matice
konstanty

mnozina moznych feSeni

obecna matematicka funkce



Optimalizace Matematicka disciplina pro nalezeni nejlepsiho mozného feseni
pii souc¢asném splnéni fady pravidel, limitl a preferenci.

Model Je slozen z proménnych, omezujicich podminek a tcelové
funkce, ktera koresponduje s cili managementu.

Instance modelu Je obecny model, ktery je doplnén o konkrétni data.

Reseni modelu Pokud v instanci modelu v§echny proménné nabydou néjakych
hodnot, pak ma model feseni.

Piipustné FeSeni Je takové feSeni modelu, které neporusuje Zadnou z omezujicich
podminek.

Optimalni FeSeni Je nejlepsi mozné piipustné feSeni modelu.

Solver Je software, ktery dokdze zpracovat instanci modelu a nalézt
nasledn¢ fesSeni modelu.



2 Uvod

Rozhodnuti znamend vybér znejméné dvou alternativ, zatimco rozhodovani
zahrnuje cely proces od vytvofeni struktury problému az po kone¢né rozhodnuti. Proces
rozhodovéani je soucésti kazdodenniho zivota kazdého clovéka, nicméné nékteré
problémy jsou tak komplexni, Ze se jiz nedaji vyfeSit pomoci intuice (Kangas a kol.
2008).

Na proces rozhodovani muze byt pohlizeno ze dvou smérii. Za prvé, ¢im je nase
rozhodnuti podpoifeno, aby bylo dosazeno co nejlepsiho vysledku (preskriptivni
pfistup), a za druhé, jak se lidé rozhoduji za pomoci pocitacli, matematiky apod.
(deskriptivni piistup) (Winterfeldt, Edwards 1986). Tento pfistup se oznacuje jako
normativni, tedy popisuje metody a postupy, které podpoii kone¢né rozhodnuti.

Samotné planovani pak zahrnuje tfi dimenze: materialni svét, socialni svét a osobni
svét (Mingers, Brocklesby 1997). Materialni svét diktuje, co je mozné, jaké jsou
moznosti zdroji, jak je pldnovani omezeno zakonem apod. Osobni svét pak ovliviiuje
rozhodovani osobnimi preferencemi rozhodovatele nebo rozhodovatel. A socialni svét
tika, jaky vysledek by preferovala spole¢nost. VSechny tfi aspekty vstupuji do kazdého
procesu planovani v rizné podobé¢ a v rtizné mife.

Rozhodnuti mize byt provedeno s ur€itou nejistotou ¢i piedpokladanou jistotou
vyvoje, dadle mize byt problém jednodimenziondlni ¢i vicedimenziondlni, diskrétni (s
kone¢nym poctem alternativ) nebo spojity (s nekone¢nym mnozstvim variant) a mize
zahrnovat jednoho nebo vice rozhodovatelii (Kangas a kol. 2008).

Rozhodovani, jehoz vysledek je rozhodnuti, pak miize byt rozdéleno do tii fazi
(Belton, Stewart 2002): vytvofeni struktury problému, definovani modelu a vyuziti
modelu pro vytvofeni rGznych alternativ. Tento princip je pouZit 1 v modernich
nastrojich pro podporu rozhodovani, jejichZ cilem neni rozhodnout, tedy vybrat nejlepsi
variantu, ale poskytnout mnozstvi variant a podpofit samotné rozhodnuti, které je ale
v kone¢ném dusledku na ¢loveéku Reynolds (2013).

Planovani tézeb 1 rozhodovani ma v hospodaiské upraveé lesi pomérné dlouhou
tradici. Planovani ma sledovat piedevsim princip tézebni nepietrzitosti a vyrovnanosti,
ktery je zdkladem vSech klasickych postupti hospodaiské ipravy lesa (Priesol, Polak
1991). Nepftetrzitost tézeb se vaze na trvalou reprodukci zasob, ktera je dana urcitou

strukturou dfevni zasoby v lesnim celku. Touto strukturou jsou mysleny modely
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holosecného, podrostniho 1 vybérného lesa. Tyto modely jsou zédkladem vzorcovych
metod, s jejichz pomoci se stanovuje nasledné etat. Protoze klasicka hospodaiska
uprava byla zaméfena predevsim na holosecné hospodafstvi, je i pojem normalniho lesa
a stejné tak i vzorcové metody spjat predevSim s timto typem hospodaiského zptisobu
(Priesol, Polak 1991).

Trvalost a plynulost mytnich tézeb v lesich je zakotvena i v soucasném pravnim
predpisu (zak. 289/1995 Sb. v pozdéjsim znéni). Podle vyhlasky 84/1996 Sb. se pro
vypocet mytni desetileté tézby pouzivaji dva tézebni ukazatele: normalni paseka a
téZebni procento, které vychazeji podobné jako jiné vzorcové metody také z modelu
normalniho lesa pro holoseény hospodaisky zpiisob. Les s takovymi taxac¢nimi
charakteristikami je ov§em nejen nedosazitelny, ale z hlediska stability lesnich porostu i
nezadouci (Priesol, Polak 1991; Dolezal a kol. 1969; Korf 1955). Navic tyto metody
pocitaji vysi tézeb pouze na zdkladé soucasného stavu bez piihlédnuti na vyvoj
struktury v€kové 1 prostorové v budoucnu. Pfi sou¢asném stavu planovani tézeb v lesich
neni mozné zahrnout do vypoctu i mimoprodukéni funkce lesa

Jak dochazelo ke zvySovani védomosti a poznani matematiky, dochazelo i
ke zdokonalovani metod planovani tézeb. V druhé poloviné 20. stoleti doslo ve svété
k dalsimu posunu v planovani tézeb srozvojem osobnich pocitati a metod tzv.
opera¢niho vyzkumu. V pldnovani mytnich téZeb se uplatnily pfedevSim metody tzv.
matematického programovani a heuristické metody, které dokdZou v redlném cCase najit
relativné dobré feSeni i u velmi sloZitych a rozsahlych optimaliza¢nich problémi.
V poslednich dvaceti letech pak rozvoj geografickych informacnich systéml umoznil i
prostorové planovani tézeb. Diky tomu je mozné pii planovani uvazovat krome
casového hlediska a vyrovnanosti mytnich téZeb i prostorové uspotfadani jednotlivych

seci.
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3 Cile prace

Hlavnim cilem prace je vytvofit linearni modely planovani mytnich tézeb a
rozvinout komponentu tvorby a feSeni modelu v soucasnosti vyvijeného systému pro
podporu rozhodovani pti pldnovani mytnich tézeb, do kterého budou navrzené modely
implementovany. Disertani prace by méla piedstavit nejpouzivanéjsi metody
opera¢niho vyzkumu aplikovatelné v tézebni uUpravé a piedstavit samotny piistup
prostorového planovani mytnich téZeb v podminkach Ceské republiky. Na zakladé
definic rozhodnuti, rozhodovani a planovani je disertaéni prace zaméfena na
preskriptivni pfistupy planovani. Budou feSeny problémy diskrétni, s jistotou vyvoje a
ve vétSiné piipadii pouze Sjednim rozhodovatelem. Na rozdil od soucasného stavu
planovani, budou vytvofeny i modely vicedimenzionalni.

V neposledni fadé¢ budou na vysledcich prezentovany benefity, které nové metody
planovani mytnich tézeb mohou vlastnikiim a lesnim spravciim pfinést oproti metodam
V soucasnosti pouzivanym.

r

K tspésnému dosazeni cile disertacni prace byly vytvoreny 4 dil¢i cile:

Dil¢i cil 1: Pfedstaveni zdkladnich typti modelii a podminek prostorového

planovani mytnich tézeb

Dil¢i cil 2: Vzajemné porovnani prostorového a neprostorového planovani

mytnich téZeb

Dil¢i cil 3: Vyvoj modelt prostorového planovani tézeb zahrnujici i plnéni

environmentalnich funkci lesnich ekosystému

Diléi cil 4: Implementace vybranych modeltl a metod do vlastniho DSS a

otestovani tohoto software na realnych vstupnich datech

12



4  Optimalizace téZeb

4.1 Zakladni model pro optimalizaci mytnich téZeb

V soucasné dobé je prodej diivi nejvyznamnéjsim a v mnoha piipadech i jedinym
zdrojem piijmu pro lesni hospodafstvi. Za planovani tézeb diivi a s tim spojenych
investic do nasledného zalesiiovani je odpovédny lesni hospodar. Jeho zakladnim
pozadavkem je tedy maximalizace vytézeného diivi (Ware, Clutter 1971). Soucasné se
ale pfi dosahovani tohoto cile musi vyrovnat s fadou omezeni, jakymi jsou napiiklad
zakonné limity, pozadavky orgénd ochrany pfirody ¢i narokti na dlouhodobou
vyrovnanost pfijmi. V redlnych podminkdch je splnéni vSech limitd a pozadavkl
induktivnim zplsobem ¢asto nerealné. 1 v piipadé, ze takové feSeni je nalezeno,
hospodai nevi, zda je soucasn¢ nejlepSim moznym a zda neexistuje feSeni lepSi.
Existuje cela fada sofistikovanych metod a pfistupti pro feseni podobnych problémd,
Z nichz nékteré jsou pfedmétem predkladané disertacni préce.

Podle Johnson, Scheurmann (1977) existuji dva zékladni typy modeld, které se v
riznych obménéach pouzivaji ve vSech modelech planovani tézeb. Tyto dva typy se
oznacuji jako Model I a Model 11 a lisi se v zakladnim pfistupu ke vstupnim tézebnim
moznostem. Typ Model | piedpoklada, ze se za planovaci obdobi mohou teoreticky
obnovit v8echny obnovni prvky. Typ Model Il uvazuje i s podminkou, Ze urcité
mnozstvi zasoby nebo velikost plochy mytnich porosti musi na konci planovaciho
horizontu zustat bez téZby, aby byla zachovana pro nasledujici obdobi. Bettinger a kol.
(2009) uvadi, ze jesté existuje typ Model 111, ktery ale neni tak bézné pouzivany. Tento
typ sdruzuje porosty a porostni skupiny do strat na zdkladé¢ vékovych tfid.
Z matematického hlediska takovy model muize plsobit ponékud tézkopadné€, nicméné
ma své vyhody V pfipadech, kdy je nutné tézby diferencovat na zéklad¢ naptiklad
kvality stanovisté nebo typu lesa.

Beaudoin a kol. (2008) uvadi, Ze po¢atky vyuziti matematickych modelt v lesnictvi
a dfevozpracujicim primyslu se datuji do 60. let 20. stoleti. S postupem casu rostla i
slozitost jednotlivych modelti. Pro ucely planovani je les chépan jako systém, jehoz
prvky jsou svazany predem danymi vazbami. V modelu tohoto systému jsou jednotlivé
proménné prvky tohoto systému a vazby mezi prvky vyjadieny podminkami. Piesnost
pouzitého modelu pak stoupd s poctem proménnych a omezujicich podminek, kterych

muze byt v piipadé lesnich ekosystému velké mnozstvi (Buongirono, Gilles 2003).
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Vsechny optimalizacni modely pfedstavené v této praci jsou vzdy linearni.
Optimalizaci je v této praci mysSlena matematicka disciplina vhodna pro nalezeni
nejlepsi mozné hodnoty dané funkce pfi souc¢asném splnéni fady pravidel, limith a

preferenci (Saigal 2012). Zakladni model optimalizace t€zeb mé vzdy 4 ¢asti:

1) Ugelova funkce. Jedna se o prostou maximalizaci jednoduché uéelové funkce
vyjadiujici benefit ziskany tézbou dané¢ho polygonu.

2) Prostorové podminky zaruCujici splnéni zakonnych limitd vzajemného
piifazovani seci.

3) Podminky plynulosti tézby, které zarucuji uzivatelem definovanou plynulost
tézeb, ktera je nezbytna z hlediska trvalosti hospodareni.

4) Casové podminky pro zajisténi toho, Ze dany polygon (obnovni prvek) bude

vytézen za dobu planovani pouze jednou.

4.2 Linearni programovani

Linearni programovani je disciplina opera¢niho vyzkumu. Podstatou v§ech metod
matematického programovani je nalezeni extrému funkce na mnoZiné pifipustnych
feseni, ktera je dana omezujicimi podminkami. V piipadé linearniho programovani je
ti¢elova funkce i omezujici nerovnice a rovnice v linearnim tvaru. Sirsi uplatnéni zacaly
metody matematického programovani nachdzet od poloviny 20. stoleti a dnes jiz patii
ke standardnim ndastrojim rozhodovani v mnoha odvétvich vcetné managementu
ptirodnich zdroji (Dykstra 1984, Hillier, Lieberman 2010).

Obecna podoba matematického modelu ulohy linedrniho programovani je tedy

(upraveno podle Jablonsky (2007)):

maximalizovat (minimalizovat)
Z = C1X1 + CaXp + -+ CpXy, (4.2.1)
za podminek
q11X1 + Q12X + - F qunXy < by,

(4.2.2)
qx1 + qa2%3 + -+ qonXn < by,
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dmi1X1 + qm2X2 + et AmnXn < bm;

x;=20,j=12...,n (4.2.3)

V uvedeném =zapisu jsou jen omezeni typu <. V modelu se ovSem muzou
vyskytovat i nerovnice typu > nebo rovnice.

Kazdému procesu je v modelu pfifazena jedna tzv. strukturni proménnd. V nasem
piipadé€ je to x;. Funkci (4.2.1), jejiz extrém se hleda, nazyvame ti¢elova nebo kriteridlni
funkce. Jeji koeficienty pak cenové koeficienty nebo zkracené ceny. Nerovnice (nebo
rovnice), které se v modelu vyskytuji (4.2.2), oznacujeme jako vlastni omezeni ulohy
linedrniho programovani. Vedle strukturnich proménnych se v nich vyskytuji strukturni
koeficienty (gq;) a hodnoty pravych stran (b). Posledni soucasti modelu linedrniho
programovani jsou pak podminky nezapornosti (4.2.3). Nejznaméjsi metodou pro feseni

ulohy linearniho programovani je tzv. Simplexova metoda (Hillier, Lieberman 2010).

Jeden z prvnich modeld linearniho programovani vyuzitelny pro planovani tézeb
popisuje Leuschner a kol. (1975). Autofi uvadéji, ze obecny model pro planovani tézeb
ma 4 casti: 1) ucelova funkce, v které¢ jde o jednoduchou sumu vSech provedenych
tézeb, 2) vicetcelova produkéni omezeni (miaze jit napiiklad o nutny pocet dnu
vyhrazenych pro navstévniky lesa ¢i pocet hodin vymezenych pro lovee), 3) nakladova
omezeni (jsou jednoduse stanoveny ceny za dany hospodaisky ukon) a 4) tézebni a
technologicka omezeni, udavajici moznosti lesniho hospodare.

Modely plénovéani a optimalizace tézeb pomoci linearniho programovani maji
mnoho obmén. Zalezi na konkrétnich pfirodnich a hospodaiskych podminkéch, ale i
narocich majitele, hospodaie ¢i spolecnosti. Rlizné alternativni omezujici podminky a
varianty ucelovych funkci jsou uvedeny naptiklad v pracich Buongirono, Gilles (2003)

nebo Bettinger a kol. (2009)

4.3 Celodiselné programovani
Linearni programovani mize mit n€kolik specialnich typi. Jednim takovych typem

je pravé celociselné programovani, které je jednou z hlavnich metod pouzivanych pro
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prostorové planovani tézeb. Jedna se o standardni tilohu linedrniho programovani, ktera
je ale doplnéna o podminky celociselnosti (Jablonsky 2007), tzn. takové podminky,
které zarucuji, ze kazda strukturni proménna mtize nabyvat pouze celych hodnot.

Specialnim typem celocCiselnych tloh jsou pak takové ulohy, v kterych proménné
mohou nabyvat pouze hodnot 0 nebo 1. Takové ulohy se oznacuji jako bivalentni. Podle
Lagové, Jablonského (2009) se celociselné ulohy daji délit jest¢ na ulohy ryze
celociselné a tlohy smiSené celociselné.

Pro feseni uloh celoc¢iselného i bivalentniho programovani uz neni mozné pouzit
simplexovou metodu (Dantzig 1966; Dykstra 1984; Hillier, Lieberman 2010), ktera
poskytuje obecné necelociselné feseni. Nejjednodussi moznosti, jak ziskat celociselné
feSeni zadané tlohy, je zaokrouhlit vysledné hodnoty proménnych (Hillier, Lieberman
2010). Tento zplsob je mozné pouZzit pouze jen u takovych uloh, u kterych hodnoty
proménnych jsou velmi velké a zaokrouhleni zplsobi pouze relativné malé chyby.
Tento zptsob ale ma dvé nevyhody. Prvni z nich je, Ze takto ziskané feSeni nemusi byt
pripustné, a druhou pak, zZe feSeni nemusi byt optimalni. Musely byt tedy vyvinuty nové
algoritmy, které umoznuji feSeni téchto typl uloh. Ty se déli do nékolika skupin
(Lagova, Jablonsky 2009; Jablonsky 2007): Metody feznych nadrovin, Kombinatorické
metody a Specidlni metody.

Metody feznych nadrovin jsou vhodné pro feSeni ryze i1 smiSené celociselnych uloh.
Pro ulohu je vypocteno obecné neceloCiselné feSeni pomoci simplexové metody.
V kazdém dal§im kroku algoritmu se pak vytvoifi nové omezeni, které odfizne
zmnoziny piipustnych feSeni néjakou podmnoZinu neobsahujici Zadny piipustny
celociselny bod. Typickym predstavitelem tohoto typu metod je tzv. Gomoryho
algoritmus. Bohuzel se nehodi pro feSeni bivalentnich tloh.

Kombinatorické metody jsou univerzalnim nastrojem pro feSeni vSech typl
celo¢iselnych 1uloh. Celoc¢iselnych pfipustnych fteSeni je velké mnozstvi a
kombinatorické metody jsou zalozeny na efektivnim prohledavani této mnoziny
pfipustnych feSeni. Nejpouzivangj$i metodou z této kategorie je metoda vétveni a mezi
(branch-and-bound algoritmus), ktera bude dale vice pfiblizena.

Specialni metody zahrnuji vSechny metody, které byly navrzeny pro feSeni
specialnich typi uloh, napiiklad jako specialni ptiblizné algoritmy pro feSeni okruznich

problému.
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Za hlavni nevyhodu algoritmu vétveni a mezi se vzdy povazovala jeji vypoctova
naroc¢nost a az do zacatku 21. stoleti umoznoval vyvoj pocitact feSit pomoci této
metody pouze relativné malé ulohy. Z tohoto diivodu se v 90. letech 20. stoleti vénovala
velka pozornost rozvoji alternativnich heuristickych metod. Diky rychlému vyvoji
pocitacu ale tato nevyhoda metody ve vétSiné piipadi odpada. Profesionalni softwary
uréené pro feSeni celociselnych uloh vyuzivaji pravé metody vétveni a mezi nebo jeji
modifikace. Tato metoda je natolik obecnd, ze se da aplikovat na jakykoliv typ tlohy
celoc¢iselného programovani a neni nutné pro kazdé zadani vyvijet vlastni vypocetni
aplikaci. Navic dal$i rozvoj ve vykonnosti byl a stale je ziejmy i v samotnych
vypocetnich procedurach jednotlivych solverit (McDill, Braze 2001). Jiz na konci 90.
let bylo mozné vytesit ulohy celoc¢iselného programovani o 21 627 proménnych pomoci
branch-and-bound algoritmu za pouziti komeréniho solveru CPLEX® na bé&Zném
stolnim pocita¢i do 4 hodin (Snyder, ReVelle 1997). Hillier, Liebermann (2010)
uvadéji, ze kromé zvySeni vykonnosti stolnich pocita¢ pomohlo k tomuto rozvoji
vyrazné vylepSeni algoritmi pro feSeni uloh celoCiselného programovani, ale i
algoritm pro feSeni Uloh linedrniho programovani, které jsou nedilnou soucasti feSeni
celociselného problému, jak bude vysvétleno pozdé;ji.

Metoda vetveni a mezi, ktera zaru€uje nalezeni skute¢ného optima, mize uzivateli
poskytnout 1 suboptimalni feSeni diky moznosti navolit si velikost tzv. gap rozdilu (také
gap tolerance) mezi soucasnym nejlep$im celoCiselnym feSenim a optimalnim feSenim

(McDill, Braze 2001).

Algortimus branch-and-bound

Na Obr. 4.3.1 je znazornéno grafické feseni linearniho programovani (Obr. 4.3.1 a),
tzn. bez podminek celo¢iselnosti, a celoCiselného feseni (Obr. 4.3.1 b), s podminkami
celocCiselnosti stejného modelu. Zelené oznaceny priseCik znazoriiuje minimum ucelové
funkce, ¢erveny bod maximum ucelové funkce a zluté oznacené body pak ostatni body,
které lezi na hranici mnozZiny fesitelnosti.

Extrém dané ucelové funkce pfi uvazovani podminek celo¢iselnosti (Obr. 4.3.1 b),
lezi uvnitf mnoZiny pfipustnych feSeni. To znamend, Ze optimum neni zdkladnim
feSenim ulohy ve smyslu linedrniho programovani a simplexovd metoda kvali tomu

ztraci efektivitu (Dykstra 1984). Protoze se musi pii feSeni tlohy s podminkami
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celocCiselnosti projit vSechny celociselné hodnoty lezici uvnitf mnoziny ptipustnych
feSeni, stdva se uloha celociselného programovani pomérné slozitou kombinatorickou
ulohou. Naptiklad pokud budeme uvazovat bindrni proménné, bude mit uloha o 10
proménnych 2*° moznych feseni (1024). P¥i 20 proménnych 2% a pii 30 proménnych uz
to bude pres jednu miliardu moznych feSeni. Nartist poctu feSeni je exponencialni a
s kazdou dalsi proménnou se zdvojnésobi.

Vypocetni naro¢nost ulohy celo¢iselného programovani ovliviwuji téi faktory: 1)
pocet proménnych, 2) typ proménné — jestli je binarni nebo celoc¢iselnd obecnd a 3)
specialni struktury problému. Na rozdil od linearniho programovani, kde hlavnim
faktorem ovliviiujici vypocet je pocet omezujicich podminek, u celociselného
programovani je pocet a druh celoCiselnych proménnych vyznamnéj$im faktorem

(Hillier, Lieberman 2010).

a) b)

I 1\

T T

Obr. 4.3.1 a) Optimalni feseni ulohy linearniho programovani a b) Optimalni feSeni
ulohy linearniho programovani doplnéné o podminky celo¢iselnosti

Algoritmus branch-and-bound je prvnim a zaroven nejznaméjsim algoritmem pro

feSeni uloh celociselného programovani. VSechny dalSi algoritmy pro feSeni uloh

v v
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Poprvé byl algoritmus branch-and-bound publikovan autorkami Land and Doig
(1960) v modifikaci Dakina (Lagova, Jablonsky (2009)) a pozd¢ji upraven a
formalizovan Little a kol. (1963).

Princip metody spociva ve vyfeSeni tlohy bez uvazovani podminek celociselnosti
naptiklad simplexovou metodou. Mnozina vSech ptipustnych feSeni byva oznacena jako
X0, 1.

X% ={x € R"Ax < b,x = 0} (4.3.1)

Na této mnoziné se najde optimalni feSeni bez uvazovani podminek
celociselnosti. Toto feseni se oznacuje jako relaxed LP feseni (McDill, Braze 2001), ¢ili

jako uvolnéné reseni nebo LP relaxovand iloha, a formalné se zapisuje:

x0 = (x9,x9, ... xD)T (4.3.2)

Hodnotu ugelové funkce pro toto feSeni pak ozna¢me z°.

Pokud toto fesSeni
vyhovuje podminkam celo¢iselnosti, vypocet konéi. Tento piipad ale nastane velmi
ziidka. Castéji musi algoritmus pokracovat dal§im krokem.

Tento krok spocivd vrozdéleni plvodni mnoziny na dvé tzv. disjunktivni
podmnoziny X%* a X%2. Tento proces byva oznatovan pravé jako vétveni. Z vektoru x°
se pak vybere libovolné jedna proménna, kterd poruSuje podminku celoCiselnosti
(naptiklad x?). Jak uvadi (McDill, Braze 2001), vybér proménné je pravé jednim ze
zédsadnich rozhodnuti ovliviujicich efektivitu algoritmu. Disjunktivni mnozina X% pak
bude charakterizovana podminkou x; < [x?]. [x7] pfedstavuje celou &ast z hodnoty x.
Podobné druha disjunktivni mnozina X%2? bude charakterizoviana podminkou x; <
[xP] + 1.

Dalsi soucasti algoritmu je vypocet tzv. horni meze v pifipadé¢ maximalizace. Na
mnozing X° s vektorem x° = (x?,x2,...x2)T a hodnotou tcelové funkce z° je horni
mezi pravé hodnota z°. Je jasné, ze celo¢iselné feSeni na mnozing X° nebude vy3si nez
hodnota horni meze. Cely proces se opakuje pro kazdou nové vzniklou vétev, dokud
algoritmus neskon¢i jednim ze tii zptisobu:

a) Ve vétvi je nalezeno feSeni, které vyhovuje podminkam celociselnosti.

b) Ve vétvi neexistuje zadné piipustné feSeni.
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€) Ve vétvi je nalezeno necelociselné feseni a horni mez hodnoty tcelové funkce

je niz$i nez hodnota celociselného feseni nalezeného jiz diive v jiné vétvi.

Pravé vybér vétve, na které bude algoritmus pokracovat, je dalSim ze zasadnich
momentl procesu celého algoritmu a existuje mnoho strategii, na zakladé kterych se
daldi vétev vybere (McDill, Braze 2001). Re$eni nalezené v ndkteré z vétvi, které
splituje podminky celocCiselnosti, se oznacuje jako spodni hranice celociselného feseni.
Jak bylo popsano v bodu c), pokud je horni mez na nékteré vétvi nizsi nez tato spodni
hranice celoc¢iselného feSeni na jiné vétvi, algoritmus na této vétvi konci a tato vétev
musi byt z dalSich vypoctl vyloucena kviili zvySeni efektivity algoritmu.

Nachazeni novych celoCiselnych feSeni na dalSich vétvich, posouva spodni
hranici celoc¢iselného feSeni nahoru a rozdil mezi ni a horni mezi na dané vétvi se
zmenSuje. Cely algoritmus muze skoncit, kdyz rozdil klesne pod piedem definovanou
hodnotu. Tento rozdil se oznacuje jako gap tolerance (McDill, Braze 2001).

Jak bylo zminéno vyse, mezi kli¢ova rozhodnuti v procesu algoritmu branch-and-
bound patii 1) vybér proménné, u které se zacne algoritmus vétvit, a 2) vybér vétve, na
které algoritmus pokracuje. Optimalni feSeni lezi jen na jedné z vétvi. A rozhodnuti 1) a
2) ovlivni, za jakou dlouho tuto vétev najdeme. VétSina komer¢nich optimalizacnich
softwari umoziiuje kontrolu téchto rozhodnuti a vzajemné se mezi sebou lisi strategiemi
1) 12). Proto vybér softwaru miZe mit zasadni dopad na rychlost feSeni.

Pavodni algoritmus branch-and-bound se mirné 1i§i v zavislosti, jestli se jedna o
ryze celoCiselnou Ulohu, smisené celo¢iselnou tlohu nebo binarni Glohu. Princip

metody ale zlstava stejny.
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Binarni proménné

Zvlastni postaveni maji v tlohach celociselného programovani binarni proménné
a feSeni binarnich uloh. Bindrni proménné jsou takové, které mohou nabyvat pouze
dvou hodnot:

o {1 jestli rozhodnuti je ANO
J 70 jestli rozhodnuti je NE

Diky zavedeni binarnich proménnych do modelu, mizeme do optimaliza¢niho
procesu zaclenit 1 alternativy, které se navzdjem vylucuji (mutually exklusive
alternatives). Diky binarnim proménnym se do modelu mohou zaclenit i podminéna
rozhodnuti (contingent decisions) pro takové piipady, kdy hodnota jednoho rozhodnuti
zavisi na rozhodnuti predeslém. Kromé téchto zékladnich vyhod zavedeni binarnich
proménnych do modelu, existuji i dalsi inovativni vyuziti binarnich proménnych.

Diky nim je mozné mnoho obecnych problémii formulovat jako ryzi nebo
smiSeny celociselny problém. Takové proménné jsou pak oznacovany jako pomocné
bindrni proménné (auxiliary binary variables). Prvnim typem omezujicich podminek
vyuzivajicim pomocné binarni proménné jsou podminky typu bud a nebo (either-or
constraints). Princip vyuZiti pomocnych binarnich proménnych pro tento typ omezujici

podminky je vysvétlen na nasledujicim piikladu (podle Hillier, Lieberman (2010)):

Bud 3x; + 2x, < 18 (4.3.3)

nebo x; + 4x, < 16 (4.3.4)

V zadaném problému plati, Ze nejméné jedna z téchto podminek musi byt dodrZena.

Proménné x; a x, jsou obecné. Nerovnice (4.3.3) a (4.3.4) se rozsifi o konstantu M:

3x, +2x, <18
(4.3.5)
Xy +4x, <16+ M

3x, +2x, <18+ M (4.3.6)
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X, +4x, <16

Tento krok (pfidani konstanty M do modelu) piedpoklada, Ze mnozina pfipustnych
feSeni je ohraniCend a ze M bude dostate¢né velké natolik, aby neeliminovalo nékteré
ptipustné feseni (Dykstra 1984). Soustava nerovnic (4.3.5) a (4.3.6) je ekvivalentni

soustave:

3x, + 2x, <18 + My (4.3.7)

X1 +4x, <16+ M(1—y) (4.3.8)

Uvedeny zapis zarucuje, Ze ve vysledku bude platit bud’ nerovnice (4.3.7), nebo (4.3.8).

Dal$i moznosti jsou podminky typu Kz O (K out of O constraints). V takovém
ptipadé se predpoklada, ze je v modelu O omezujicich podminek a jen K z nich musi
byt splnéno. Dale se prepoklada, ze K<O. Vysledné feseni pak splituje kombinaci
K podminek a O-K podminek je zmodelu vyfazeno. Za predpokladu, ze mdme O

omezujicich podminek
fl(xll X2y oeey xn) < dl

fZ(xlt X2, ---;xn) < dz

(4.3.9)
fN(xlﬂ xZF ey xn) S dN
muzeme odvodit ekvivalentni sadu nerovnic
fl(xli X2, "'lxn) S d1 + Myl
fZ(xll le "')xn) S dZ + MyZ
(4.3.10)

fn(xq, %, oo, %) < dy + Myy

yi=0-K

-

=1

Nova proménnd y; je binarni a M je extrémné velké kladné Cislo.
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Dalsi moznosti je vyjadiit pomoci binarnich proménnych hodnoty pravych stran
omezujicich podminek, které mohou nabyvat né€kolika O hodnot (functions with O

possible values). Uvazujme o omezujici podmince typu:
f(x1,%2, ..., x,) < d; nebo d, nebo az dy (4.3.12)

Specialnim ptfipadem mize byt funkce:

n

[y, %0, 0, X)) = Z a; x; (4.3.12)

j=1
nebo funkce:
[, X2, s X)) = %; (4.3.13)

Ekvivalentni formou zapisu, kterd dany problém vyfesi, je nova sada nerovnic:

N
f(x1'x2' "'an) = Z di Vi
i=1
(4.3.14)

yi=1

-

i=1
Ptedposledni moznosti vyuziti bindrnich proménnych v modelech celociselného
linearniho programovani je definovani fixnich nakladd (fixed-charge problem).
Pomérné ¢astym zadanim je uloha, v které celkové naklady aktivity j zavisi na fixnich
nakladech dané aktivity a variabilnich nakladech, které jsou umérné Grovni aktivity j.

Celkové néklady jsou pak definovany funkci:

fi (%) = { 0 kdy x, = 0 (4.3.15)

Cely problém je pak definovan jako:

Minimalizovat

Z = fi(x1) + f2(x2) + - + fu () (4.3.16)

Za splnéni soustavy linearnich podminek.
Po zavedeni pomocnych binarnich proménnych y; se mize ucelova funkce piepsat do

podoby:
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n
j=1

kde
1 jestlix; >0
Vi = {0 jestliz; = 0 (4.3.18)
Do modelu je jesté nutné ptidat podminky 4.3.19.
xj—My; <0 (4.3.19)

kde M je opét extrémné velké kladné Eislo.

Poslednim vyuzitim binarnich proménnych je nahrazeni celo¢iselnych proménnych.
V nékterych piipadech mulize byt vétSina proménnych v modelu bindrni. Ale jen par
proménnych je celoCiselnych. Pravé celociselné proménné v modelu neumoziuji pro
feSeni pouzit néktery z velice efektivnich bindrnich algoritmi.

V linearnim modeluy, v kterém jsou celociselné proménné ohranic¢eny
0<x<u (4.3.20)
a pokud N bude celé ¢islo definované jako

2N <y < 2N*1 (4.3.21)

se mohou vSechny proménné x nahradit pomocnymi bindrnimi proménnymi y:

N
X = Z 2iy, (4.3.22)
i=0

Analogicky postup s mensi obménou popisuje Dykstra (1984). V tomto ptipadé se

rovnice 4.2.23 piepise na:

K
x = Z 2i-1y, (4.3.23)
i=1

a samotné K je pak:
K je celé ¢islo > log(u + 1)/log2 (4.3.24)

Autor ale nezminuje, ze K musi byt prvni celé ¢islo, které odpovida podmince 4.3.24.

24



Demel (2011) uvadi navic jest¢ zakladni logické podminky vyjadiené formou
linearnich nerovnic a rovnic (viz. nasledujici prehled 4.3.25), které jsou zalozeny na

matematické logice.

X1 & Xy X, +x,=1
X1 = Xy X1 <X,
x1 = (X2vx3) X1 S Xp+ Xy (4.3.25)
(x2vx3) = X1 Xy + x3 < 2x4
X1 © (XVX3) 2X1 = Xy + X3 =X

Dykstra (1984) popisuje moznosti vyuziti bindrnich proménnych pro vyjadieni

podminky typu if-then. Pfedpokladaji se dv¢ linearni nerovnice a vztah mezi nimi

jestlix; > 20,pakx, =5 (4.3.26)
Ptidanim dvou novych binarnich proménnych mizeme ptivodni nerovnice upravit do
podoby:

X1Y1 <20
(4.3.27)
X2Y2 =5

Pak je nutné jesté ptidat nové omezujici podminky:

yity, =1
X1,%3 =0 (4.3.28)

}’1,312 = 0’1

Problémem této formulace jsou ale nerovnice 4.2.27, které jsou nelinearni. Pokud
bychom ale uvazovali, ze proménné x jsou celoCiselné, bylo by mozné je transformovat
do ekvivalentnich binarnich proménnych (viz. vyse) a tuto nelinearni tlohu fesit pomoci
binarnich algoritmt (viz. nize).

Hillier, Lieberman (2010) ale upozoriiuji, Ze pfidavani pomocnych binarnich
proménnych do modelu podle navrhii prezentovanych vyse, mize zplisobit extrémni

nartst po¢tu proménnych a v nékterych ptipadech znemoznit vyfeSeni modelu.
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Algoritmus branch-and-cut

O vyznamu bindrnich proménnych pro planovani v managementu ptirodnich
zdroju, specialné v lesnim hospodarstvi svédéi i to, ze prvni algoritmus, tzv. additive
algorithm (Balas 1965), byl vytvofen pravé pro feSeni problému planovani lesnich
tézeb.

Explozivni vyvoj v feSeni binarnich tloh pak pfisel v poloving 80. let pfedstavenim
nového branch-and-cut algoritmu. Tato metoda totiz umoznuje feSit ulohy s velkym
poc¢tem binarnich proménnych. Branch-and-cut algoritmus byl vyvinut ptvodné pro
ryzi binarni ulohy, ale ¢asem se modifikoval i pro ryzi celociselné ulohy nebo smisené
celociselné tlohy (Hillier, Lieberman 2010).

Algoritmus branch-and-cut sestava zkombinace t# rdznych technik: 1)
automaticky preprocessing, 2) vytvoreni feznych plant a 3) branch-and-bound metoda.

Automaticky preprocessing zahrnuje pocitatem fFizenou reformulaci vlozeného
problému tak, aby se celé zadani zjednodusilo bez vylouceni jakychkoliv ptipustnych
feSeni. Tato reformulace modelu mize zahrnovat tfi kategorie: a) zafixovani hodnoty
nékterych proménnych, které spocivd v tom, ze se identifikuji proménné, u kterych
pripada v tvahu pouze jedna hodnota (0 nebo 1), protoze ta druhd hodnota nemuze byt
soucasti pfipustného a zaroven optimalniho feSeni; b) eliminace nadbyteénych
(redundantnich) omezujicich podminek. V ramci kategorie se identifikuji takové
omezujici podminky, které jsou splnény uz jen diky tomu, Ze jsou splnény 1 jiné
podminky. Takové nerovnice jsou pak v modelu nadbyte¢né. Dalsi varianta ¢) spociva
ve vybéru omezujici podminky, ktera se z modelu vyfadi, tak aby se zredukovala
mnozina piipustnych feSeni LP relaxované ulohy, ale zaroven se neeliminovalo zZadné

Z ptipustnych feSeni binarni ulohy.

4.4 Heuristické metody

Redlné problémy prostorového planovani téZzeb jsou ze své podstaty slozité
kombinatorické ulohy (Baskent, Keles 2005). Pomoci metod celoc¢iselného a smiseného
programovani miiZze byt nalezeno skutecné optimum. AvSak s ristem poctu porostl
(resp. velikosti lesniho hospodéiského celku) a poctu period, pro které se plan tézeb ma
vytvofit, roste i slozitost problému a vypocetni ¢as potfebny k nalezeni problému pak

roste exponencialné nebo je uloha nefesitelna tplné (Li a kol. 2010). U takovych tloh je
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mnohdy i z praktického hlediska nalezeni skute¢ného optima nemozné. Dal$im
problémem je predpoklad, Ze viechny modely jsou linearni. Casto se z tohoto ditvodu
musi pfistoupit ke zjednoduseni nékterych realnych vztahti do linearni podoby (Kangas
a kol. 2008). Pro slozité nebo nelinearni ulohy se pak vyuzivaji tzv. heuristické metody
(Hillier, Lieberman 2010). Za vysledek se povazuje takové feSeni, které se alespoil tomu
skute¢nému optimu piiblizi a soucasné se vypocetni ¢as vyrazné snizi nebo se piivodni
struktura modelu nemusi zjednoduSovat. V mnoha optimaliza¢nich problémech muze
mit Gcelova funkce nékolik lokdlnich extrémd, ale vzdy mé jen jeden globalni extrém.
Tradi¢ni heuristické algoritmy, jako naptiklad horolezecky algoritmus, se zastavi hned,
jakmile dosdhnou prvniho nalezeného extrému. V komplikovanéjSich piikladech ale
takovy vysledek nemiize byt piijatelny. Proto je nutné pouzit takové algoritmy, které
jsou v prub&hu svého feSeni schopny nezastavit se na lokalnim extrému a pokracovat
dal. Nékdy to samoziejmé znamend piijmout v pribéhu procesu algoritmu castecné
horsi feSeni, nez je predchazejici (Mehlhorn, Sanders 2008). Heuristické metody jsou
zalozeny na Casto velmi jednoduchych iteracnich algoritmech. V mnoha ptipadech musi
na zaklad¢ individualniho problému vzniknout uplné nové metoda. V poslednich letech
se ale vyzkum ubird smérem vyvoje velmi silnych metaheuristickych metod, které
mohou poskytnout obecnou strategii pro feSeni libovolného problému.

Vyuzitim heuristickych metod pro prostorové planovani tézeb se zabyvala fada
autorl. Mezi nejvice v lesnickém planovani prozkoumané heuristické techniky patii
naptiklad Spatial feasibility test (Carrol a kol. 1995), Monte Carlo celociselné
programovani (O Hara a kol. 1989; Nelson, Brodie 1990; Nelson a kol. 1991; Nelson,
Finn 1991; Daust, Nelson 1993; Murray, Church 1995a; Boston, Bettinger 1999),
simulované Zihani (Lockwood, Moore 1993; Murray, Church 1995a; Boston, Bettinger
1999; Crowe, Nelson 2005), Tabu search metoda (Murray, Church 1995a; Boston,
Bettinger 1999), column generation (Weintraub a kol. 1994; Hoganson, Borges 1998;
Borges a kol. 1999) nebo rtzné genetické algoritmy (Mullen 1996; Mullen, Butler
1997). Kromé¢ téchto metod vznikaji i v soucasnosti nové heuristické metody (Bettinger,
Zhu 2006).

Pro ucely disertacni prace byly vybrany tfi stochastické heuristické metody, které
jsou Vv lesnickém planovani nejvice pouzivany. Stochastické heuristické metody jsou
takové, které pii kazdém novém pribchu algoritmu dojdou vzdy k jinému vysledku

(Kangas a kol. 2008). Jsou jimi Simulované zihani, Tabu search a metoda Monte Carlo
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celoCiselné programovani. Bettinger, Zhu (2006) ale fadi metodu Tabu search mezi
deterministické metody, Cili takové, které pfi stejnych vstupnich parametrech a stejném
pocateCnim feSeni dojdou vzdy ke stejnému vysledku. Tento rozdil v klasifikaci mize
systematicky. V kapitole 4.3 Celo¢iselné programovani bylo zmin¢no, ze
metaheuristické metody na rozdil od celo¢iselného programovani je nutné Casto vyvijet
podle pozadavki konkrétniho modelu. Z tohoto divodu budou principy jednotlivych
algoritmi popisovany na konkrétnim modelu planovani mytnich téZeb, jehoZz obecna

podoba byla ptedstava v uvodu kapitoly.

Monte Carlo celodiselné programovani

Monte Carlo celoc¢iselné programovani (MC) je nejjednodussi zuvedenych
heuristickych metod. Jedna se pouze o ndhodny vybér moznych feSeni pii zadaném
poctu iteraci. Prubézna feSeni jsou ukladana a nakonec je z nich vybrano nejlepsi
dosazené. S rostoucim poctem iteraci roste pravdépodobnost nalezeni optimalniho
feSeni. Navrh mozného prubehu algoritmu pro konkrétni piiklad planovani tézeb je
znazornén na Obr. 4.4.1.

Zakladnim parametrem metody MC je pocet iteraci, po které se algoritmus opakuje.
Vzhledem ktomu, Ze Monte Carlo metoda je jednoducha vybérova procedura, je
ziejmé, ze ¢im veétsi pocet iteraci bude, tim vétsi je pravdépodobnost, Ze bude nalezeno
lepsi feSeni. DalSim nemén¢ dilezitym parametrem je pak pocet nevyhovujicich feSeni,
ktera se pfipusti v ramci jedné iterace.

Kvili své jednoduchosti byla v pocatcich metoda MC vyuzivana pro prostorové
planovani jako alternativa k tehdy vypocetné naro¢nym uloham ryze celoc¢iselného nebo
smiSené celo¢iselného programovani (Daust, Nelson 1993) a jeji uspésnost dosahovala
od 3 % do 10 % optimalniho feSeni dosaZzeného metodou linearniho programovani
(Nelson, Brodie 1990), ale také i jen 1 % (Bullard a kol. 1985). Metoda MC byla také
kol. 1998).

Boston, Bettinger (1999) testovali metodu MC pro 1000 iteraci a pro tii hodnoty
pfipusténych nevyhovujicich feseni — bylo to 200, 400 a 600. Vzhledem k charakteru
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algoritmu bylo nejlepSich hodnot ucelové funkce dosazeno samoziejmé pii poctu 600
ptipustnych nevyhovujicich feSeni.

Vsechny predeslé prace testovaly metodu Monte Carlo pro dlouhodobé strategické
planovani. Clements a kol. (1990) ji vyuzili i pro krats$i Casovy horizont a pro tento ucel

upravili model vytvoieny Nelson a kol. (1988).

Nahodné vygeneruj
plan tézeb

V

Vv

Spocitej hodnotu
ucelové funkce

Nejlepsi

plén? Uloz plan jako nejlepsi

Ano Nahlas nalezeni

nejlepsiho planu

Obr. 4.4.1 Obecny vyvojovy graf algoritmu Monte Carlo simulace (upraveno podle
Bettinger a kol. (2009))

Simulované Zihani
Simulované zihani je jednou z tzv. meta-heuristickych metod. Bertsimas, Tsitsiklis

(1993) uvad¢ji, Ze simulované Zzihani je pravdépodobnostni metoda navrZena
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Kirkpatrick a kol. (1983) a Cerny (1985) pro nalezeni globalniho minima funkce, ktera
ma vice lokalnich minim. Algoritmus simulovaného zihani je inspirovan oblasti
metalurgie (z tohoto diivodu i nazev zihani). Pfi postupném ochlazovani roztaveného
kovu zaujimaji jednotlivé Castice takové pozice, aby celkova energie systému byla
minimalni (Mehlhorn, Sanders 2008).

Pro teSeni problému pomoci simulovaného Zzihdni je dilezité vytvofit tzv. plan
chladnuti (Bertsimas, Tsitsiklis 1993). Parametry jsou pocateéni teplota (T,) a funkce
chladnuti 7,4 = f(T,). Tato funkce miize mit velmi slozity tvar nebo mlze byt také
nahrazena jednoduchymi koeficienty (absolutnimi nebo relativnimi), o které se vzdy
snizi pocatecni teplota (Li a kol. 2010). Poslednim dulezitym parametrem je pak
konecna teplota, na které se cely proces algoritmu zastavi. Pro samotny algoritmus je
dulezité i nastavit pocet iteraci pro kazdou hodnotu teploty (Kangas a kol. 2008).

Princip algoritmu spoc¢iva v ndhodném vybéru tézebniho prvku a nasledné periody,
ve které ma byt tézebni prvek vytézen. Nasledné se zkontroluje, zda vybér spliuje
vSechny podminky. Pokud ano, vypocita se hodnota tcelové funkce. V ptipad¢, Ze nova
hodnota ucelové funkce je lepsi neZ hodnota v predeslé iteraci, pfijme se toto feSeni a
postup algoritmu pokracuje (Boston, Bettinger 1999).

Podle Bertsimas, Tsitsiklis (1993) ma algoritmus simulované¢ho zihani zakladni
predpoklady:

1) Existuje kone¢na mnozina S.

2) Funkce J definovana v S; S* je mnozinou globalniho minima funkce / a
zaroven plati, ze S* € S .

3) Pro kazdé i € S existuje podmnozina S(i) € S — {i}, ktera se nazyva
mnozinou Sousedu i.

4) Pro kazdé i existuje soubor kladnych koeficientd qj;,j € S(i), tak Ze
Yiesc) Qij = 1. Za predpokladu, Ze plati, ze j € S(i) jen a pouze V pfipadé,
zei € S(j).

5) Existuje nerostouci funkce T(t): N — (0,0), tzv. plan chladnuti. N je
mnozinou kladnych celych ¢isel a T(t) je tzv. teplota v ¢ase t.

6) Pocatecni stav x(0) € S.

Algoritmus simulovaného Zihani je zaloZen na v ¢ase diskrétnich a nehomogennich

Markovovych procesech. Markovovy procesy popisuji stochastické systémy, které je
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mozné deterministicky popsat a v kterych s ¢asem dochazi s urCitou pravdépodobnosti
ke zménam. Systém se nachdzi v n¢jakém stavu n a postupem casu se miize dostat do
stavu (n+1). Zda systém zméni svij stav na stav (n+1) zalezi pravé na stavu n. Pfechod
ze stavu n do stavu (n+1) je popsan pomoci pravdépodobnosti (Jablonsky 2007).

Pro algoritmus simulovaného zihéni piepokladejme, Zze mame soucasny stav
systému x(t), ktery je roven hodnot¢ i. K této hodnoté vybereme nahodné k ni hodnotu

sousedni j. Novy stav x(t + 1) je pak uréen jako:

pokud J(j) = J(i),pakx(t +1) = (4.4.1)

pokud J(j) < J(i),pak x(t + 1)
= j s pravédpobnosti exp[J(j) — J(i)/T(t)]

(4.4.2)
jinakx(t+1) =j
Formaln¢ se pak uvedené zapisuje jako:
1 . .
Plx(e+1)=jix®)=i1 = qij€Xp [mmaxﬂ(l) —](l)}]
(4.4.3)
za predpokladu, ze j # i,j € S(i)
Pokud alej # i,j & S(i), pak
Pre+n=jlx=n = 0 (4.4.4)

Kdyz cely Markovovlv proces x7(t) bude nerozlozitelny, neperiodicky a vratny,

pak jeho neménné pravdépodobnostni rozloZeni bude:
N1 JD] -
(i) = Z exp[ - ],l €S (4.4.5)

Zr je normalizacni konstanta. Pokud se hodnota T bude blizit k nule, pak se celé
pravdépodobnostni rozdéleni bude koncentrovat v mnoziné¢ S* globalniho minima

funkce J (Bertsimas, Tsitsiklis 1993).
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prvek a decennium
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Ano

Y

plan?
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Ano
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planu

\ 2

UlozZ plan jako soucasny
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V

Nahlas nalezeni
nejlepsiho planu

Obr. 4.4.2 Obecny vyvojovy graf algoritmu Simulované zihani (upraveno podle
Bettinger a kol. (2009))
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V kontextu optimalizace pak plati, ze s vysokou pravdépodobnosti najdeme
optimalni prvky mnoziny S , pokud vytvofime nahodné prvky pomoci
pravdépodobnostniho rozdéleni m; pti velmi malych teplotaich T. Konven¢né je tato
rozdéleni normalni. Problém tohoto postupu je ten, ze pokud je teplota T velmi nizka,
mize byt ¢as potiebny k nalezeni optima neumérné dlouhy. Algoritmus simulovaného
zihani tento fakt fesi pomoci tzv. ,,planu chladnuti*. Borges a kol. (20144a; 2014b) misto
normalniho rozdéleni testovali pravdépodobnosti vybéru nového feseni definované
pomoci poctu alternativnich managementovych pland a pomoci smérodatnych odchylek
¢isté soucasné hodnoty jednotlivych obnovnich prvka. Dokézali, Ze tyto postupy piindsi
vétsi hodnoty ucelovych funkci, ¢ili v porovnani S normélnim rozdélenim jsou
algoritmu tak, jak byl pouzit v praci Boston, Bettinger (1999).

Podle Boston, Bettinger (1999) je plan chladnuti reprezentovan poc¢ate¢ni teplotou
(temp), dale je to celkovym poctem iteraci (Nrep) a nakonec samotnou funkci chladnuti
(snizovani hodnoty temp), kterou miize byt naptiklad jednoduché exponencidlni funkce
(Temp=temp*0,999).

Autofi ve své praci testovali rizné ,,plany chladnuti* li§ici se pocatecni teplotou
(500 000; 900 000 a 1 500 000), poctem iteraci (100; 200 a 300) a funkci chladnuti, jejiz
tvar byl stejny ve vSech pripadech, jen se lisily koeficientem (0,999; 0,975 a 0,950).
V praci bylo dokazéano, ze vSechny tfi parametry maji vyznamny vliv na vysledek.
Nejlepsich vysledkd bylo dosaZzeno, kdyZ systém ,,chladl* pomalu, ¢ili koeficient ve
funkci chladnuti byl 0,999. Stejné tak bylo nejlepSich vysledkli dosazeno v ptipadé
vysoké pocatecni teploty (900 000 a 1 500 000). Rozdil v poctu iteraci 200 a 300 nebyl
signifikantni, ale v pfipad¢ poctu 100 iteraci se jiz dosdhlo vyznamné mens$i hodnoty
ucelové funkce. Podobnych zavért bylo dosazeno i v praci KaSpar a kol. (2013).
Vysledky prezentované autory se liSily v zavislosti na vstupni vékové struktuie jejich
modelovych celkti. Ve vSech piipadech ale byly dosazené hodnoty vyssi nez 96 %
hodnoty dosazené celo¢iselnym programovanim.

Lockwood, Moore (1993) testovali metodu Simulovaného Zzihani na 27 548
obnovnich prvcich a 12 periodach. Bohuzel ale ve své praci neprezentovali numerické
vystupy. Pfinosem prace byl navrh samotného modelu. V ném byly vSechny bézné

omezujici podminky vyjadieny formou penalizacni ucelové funkce. Byl tak vytvoien
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neohraniCeny optimaliza¢ni problém, jehoz vysledek je tak bud’ skutecné optimalni,
nebo velice blizky samotnému optimu.

V ramci lesnictvi byla metoda simulovaného zihani s ispéchem vyuzita i pro feSeni
nelinearnich problému strategického planovani zahrnujici bézné typy omezujicich

podminek (Ohman, Eriksson 2002).

Tabu search

Algoritmus Tabu search byl poprvé piedstaven ke konci 70. let 20. stoleti pro
feSeni nelinearnich problém, ale vzapéti se zacal pouzivat na Sirokou Skalu jinych tloh
(Glover 1989, Glover 1990). Jakékoliv aplikace metody Tabu search zahrnuji proceduru
lokalniho prohledavani. Proces zacina klasickou metodou local improvement procedure
pro nalezeni lokélniho optima, kdy je v kazd¢ iteraci pfijato jen feSeni lepsi nez feSeni
pfedchézejici. Klicovou casti algoritmu ovSem je, Ze po nalezeni lokalniho optima
dochazi k prohledavani jeho okoli. Pokud béhem prohledavani je nalezeno jesté lepsi
feSeni, puvodni local improvement procedura se opakuje. Nebezpe¢im uvedeného
postupu muze byt, ze po opusténi lokalniho optima a pokra¢ovani v prohledavani se
algoritmus dostane zpatky na jiZ dfive nalezené lokalni optimum. Tomu je zabranéno
tim, Ze urcitd feSeni jsou procedurou ,,zakdzana* umisténim téchto feSeni na tzv. tabu
list (Hillier, Lieberman 2010). Ukladani téch feseni, ke kterym se proces nemuze vratit,
ma kofeny v oboru umélé inteligence.

Tradicné je tabu list zaleZitosti ,,kratkodobé* paméti, tzn., zZe pocet feSeni, které
je mozné na tabu list uloZit, neni extrémné velky a velikost tohoto listu je jednim
Z nastavitelnych parametrti algoritmu (Boston, Bettinger 1999).

Metoda Tabu search zahrnuje i nékteré dalsi rozsifujici koncepty. Jednim z nich
je intenzifikace procesu, ktera spoc¢iva v dikladnéj$im prohledavani vybrané oblasti
pfipustnych feSeni, protoZze byla tato oblast identifikovana jako oblast s vétsi
pravdépodobnosti vyskytu globdlniho optima. Druhym konceptem je diverzifikace
procesu spocivajici v donuceni algoritmu prohledat dosud neprohledané oblasti
ptipustnych feSeni. Oba procesy jsou spojeny s ,,dlouhodobou” paméti tabu listu
(Hillier, Lieberman 2010).
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Jakékoliv optimaliza¢ni procedury at’ exaktni, nebo heuristické mohou byt
popsany sekvenci pohybii od jednoho zkusebniho feSeni k jinému (x € X). Jeden pohyb

je pak definovan na podmnoziné X(s) € X:

s:X(s)» X (4.4.6)

Podobné jako byla definovana x € X muze byt definovana mnozina S(x), ktera
zahrnuje vSechny piipustné pohyby s € S. Obé mnoziny pak mohou byt analogicky
definovany jako: S(x) ={s € S:x € X(s)} a X(s) ={x € X:s € S(x)}. S(x) byva
¢asto oznacovana jako ,,funkce sousednosti® (Glover 1989).

Pokud bude tabu list definovan jako mnozina T, kterd je podmnoZinou S,

(mnozina v8ech feseni), pak tato mnozina T muze byt definovana jako:
T(x) ={s € S:s(x)} (4.4.7)

Zakladni prabéh algoritmu muize byt popsan 4 kroky (podle Glover 1989):

1. Vyber pocatecni feSeni x € X a x™ := x , pocet iteraci nastav k = 0 a mnozina T je
prazdna.

2.Jestlize S — T je prazdnd mnoZina, jdi na bod 4. Jinak k := k + 1 a vyber feSeni
s €S — T tak, aby s, (x) = OPTIMUM(s(x):s € S(x) —T).

3.Necht’ x = s (x). Jestli c(x) < c(x*), kde x*je nejlepsi doposud nalezené feseni.

4.Jestlize byl dosazen celkovy maximalni pocet iteraci nebo x* uz nemiize byt
vylepseno nebo jestli S(x) —T = @ nasledné po kroku 2, pak algoritmus kon¢i.
V ostatnich pfipadech aktualizuj T a pokracuj na bod 2.
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Obr. 4.4.3 Obecny vyvojovy graf algoritmu Tabu search (upraveno podle Bettinger a
kol. (2009))
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Oproti metodé¢ Simulovaného zihani neni Tabu search metoda tak vyrazné
pouzivand. Predev§im je to zplsobeno vétSim vypocetnim casem potiebnym pro
nalezeni globalniho optima, a dokonce i horSich dosahovanych vysledki (Bettinger a
kol. 2002). Tato mensi Gispé$nost metody Tabu Search se ovSem tyka pouze varianty 1-
Opt permutace. Je to nejbéznéjsi varianta této metody a znamena, ze v kazdé iteraci
algoritmu se vybere jen jeden obnovni prvek v jedné periodé. Obecné se ale muze
v ramci jedné iterace vybrat A obnovnich prvki. Svarintou 2-Opt permutaci se jiz
dosahuje velmi slusnych vysledki i v porovnani s metodou simulovaného zihani
(Bettinger a kol. 1999; Bettinger a kol. 2002).

Zakladnim uzivatelem volenym parametrem procedury je velikost tabu listu.
Boston, Bettinger (1999) testovali velikost tabu listu 5, 15, 25, 50, 75 a 100
kandidétnich feSeni. Autofi dokézali, Ze nejvyssi hodnoty ucelové funkce bylo dosazeno
Vv ptipadé nejvétsiho tabu listu. Na Obr. 4.4.3 je znazornén pribéh algoritmu na

konkrétni uloze planovani tézeb.
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5 Prostorové aspekty optimalizace

Pocet praci na téma prostorové planovani tézeb vzrostl v poslednich dvou
dekadach. V mnoha prestiznich védeckych cCasopisech lze nalézt studie zahrnujici
prostorové 1 neprostorové omezujici podminky. Prace se zabyvaji pouzitim raznych
metod matematického programovani, heuristickych a simula¢nich metod, hodnoti
ekonomické a environmentalni efekty prostorového planovani tézeb a predstavuji fadu
modelovych pfistupti k prostorovému planovani zahrnujici rdzné produkéni i
mimoprodukéni cile (Baskent, Keles 2005).

Prostorové struktura lesa urcuje vzajemné usporadani jednotlivych ¢asti, at’ jsou to
porosty, porostni skupiny nebo jednotlivé sece, nebo vzajemné vztahy mezi témito
¢astmi. Prostorova struktura popisuje na jedné strané samotné prostorové
charakteristiky dil¢ich ¢asti (napf. velikost, tvar a relativni uspotfadani), ale i ne-
prostorové charakteristiky, kterymi mize byt tieba kompozice reprezentovana naptiklad
primérnou velikosti jedné c¢asti nebo jejich celkovym poctem (Rutledge 2003).
Prostorova struktura se vSemi svymi charakteristikami ma vyznamny vliv na vSechny
ekologické procesy celého lesniho ekosystému (Kurtilla 2001, Ohman 2001).

Lesnické planovani ma nékolik specifik, které je nutné vzit v ivahu pii tvorbé
modelu, ale i nasledné analyze vysledkt (Ohman 2001). Za prvé, do planovani vstupuje
¢asto mnoho konfliktnim cild. Existuje mnoho exaktnich metod, pomoci kterych je
mozné rizné cile ohodnotit a nalézt kompromisni feSeni (Pukkala 2002; Diaz-Balteiro,
Romero 2008). Za druhé, lesni systémy jsou z pohledu planovani velmi komplikované
diky své komplexité. Z toho divodu se v modelech vyskytuje velkd mira nejistoty,
kterou je ale nutné néjakym vhodnym zptisobem uvazovat. I tento problém je ¢astecné
fesen alternativnimi metodami planovani (Pasalodos-Tato a kol. 2013). A kone¢né, pro
lesnické planovani jsou typické dlouhé ¢asové horizonty.

Diky komplexité¢ lesnich systémul je lesnické planovani obvykle hierarchicky
rozd€lovano do strategického, taktického a operativniho planovani. Vysledkem
strategického planovani jsou obecné strategické plany na 50-100 let. Hlavnim cilem
strategického planovani je zajisténi trvalé udrzitelnosti hospodateni v lesich a stanoveni
vhodné celkové vyse téZzeb sohledem na maximalizaci vytéZené hmoty nebo Cisté
soucasné hodnoty. Zékladni metodou pro vytvareni strategickych plani i1 fadu velkych

spolecnosti a vladnich agentur v Severni Americe je pravé metoda linearniho
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programovani. Diky modernim matematickym metodam a vyvoji vypocetni techniky je
jiz dnes mozné do strategického planovani zahrnout i environmentalni a ekologické
pozadavky (Ohman, Eriksson 1998; 2002). Prostorova struktura je asto nahrazovana
definovanymi straty — podle véku, dfevinného slozeni, kvality stanovist¢ apod. Pro
predikci rustu jsou pouzivany generalizované rastové modely (Bettinger a kol. 2009).

V ramci taktického planovani pak dochazi K transformaci stanovenych cilt
strategického planovani na mensi izemni celky a planovaci horizont se pohybuje 5-20
let (Ohman 2001). Implementovat lesnické plany bez piihlédnuti k prostorové struktuie
¢i dalSim pozadavkim, miize v praxi zpiisobit mnoho problému vedoucich v kone¢ném
dasledku k nemoznosti takovy plan vibec realizovat (Bettinger a kol. 2009). Strategické
planovani by tedy vkazdém piipadé mélo vychazet z ptesné prostorové struktury
lesniho celku, pro ktery je plan pfipravovan.

Operativni planovani feSi jiz vykonavani konkrétnich ukoni lesnické cinnosti
V horizontu mésicli, tydnti i dni. Pfedkladana disertacni prace se vénuje oboru

strategického a taktického planovani mytnich tézeb.

5.1 Vyjadreni prostorovych vztahii v optimaliza¢nich modelech plinovani téZeb

5.1.1 Exogenni prostorové podminky

Standardni pfistupy linearniho programovani neumoznuji zahrnout prostorové
proménné a omezujici podminky. Navic modely linearniho programovani znemoziuji
uz svoji podstatou pouzit nelinedrni formulace, které jsou casto nevyhnutelné
V prostorovém planovani tézeb (Kurtilla 2001). Podminky plynouci =z riiznych
prostorovych omezeni je ovSem mozné do optimaliza¢nich modelti zakomponovat
jinym zptsobem. Jedna zmoznosti je napiiklad vybrat pomoci geografickych
informac¢nich systémua ¢asti lesnich porosti, které se z planovani vyfadi a priori.
Naptiklad pomoci buffer zon apod. Druhou moZznosti je pouzit prostorova omezeni pii
simulaci riistu pro dané potencialni tézebni zasahy a teprve pak planovat mytni t€zby

pomoci navrZzenych modell linedrniho programovani.

5.1.2 Endogenni prostorové podminky
Prostorové aspekty vstupuji do plénovani tézeb stile vice a vice predevsim
z diivodu environmentélnich pozadavkil a poZzadavkl vetejnosti na plnéni rekreacnich a

hygienickych funkci. Tyto pfistupy nuti ale pouzit jiné metody matematického
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programovani, jako je napiiklad celo¢iselné nebo smiSené Ci binarni programovani.
V modernim pojeti prostorové optimalizace tézeb vstupuji do optimaliza¢nich modelt
informace o vzajemnych prostorovych vztazich mezi porosty, obnovnimi prvky apod.

Tyto vztahy lze popsat pomoci kone¢né mnoziny bodt a spojnic mezi nékterymi z
nich. Body v takovém schématu je zvykem oznacovat jako vrcholy a spojnice hrany.
Matematickou abstrakci podobnych schémat je pojem graf a je to jeden ze zakladnich
pojma diskrétni matematiky (Matousek, Nesettil 2010). V nasem ptipad¢ je grafem
grafické rozdéleni lesniho celku na jednotlivé obnovni prvky, které jsou uzly v tomto
grafu. V grafu reprezentujicim vztahy sousednosti muzeme obecné pouzit dvé metody
popisujici vztahy mezi uzl. Podle Konoshima a kol. (2011b) se jedna o tzv. Mooreovo
okoli a Neumannovo okoli (viz Obr. 5.1.1). Tato oznaceni se ale pouzivaji pii popisu
rastrovych dat. Pro popis vztahll mezi jednotlivymi polygony by se mély pouZzivat
terminy Rook’s case (ptipad véze) a Queen’s case (ptipad kralovny) (Cho 2005).
Princip u obou dvou skupin je ovSem stejny (Balzter et. al., 1998). V ptipadé Mooreova
okoli pomoci matice sousednosti se popisi k jednomu uzlu (v tomto pifipadé uzel 0)
vztahy uzla priléhajicich nejen hrano,u ale i rohem (uzly 1, 2, 3, 4, 5, 6, 7, 8). V piipadé
Neumannova okoli se popisuji vztahy jednotek pouze hranami pfiléhajicimi k jednotce
prosttedni (uzly 1, 2, 3, 4, 5, 6).

Konoshima a kol. (2011b) analyzovali pouziti obou dvou struktur pro definovani
vztahii mezi navrzenymi obnovnimi prvky pro podrostni zpiisob hospodareni. Z jejich
analyzy vyplyva, Ze pro dosazeni vyrovnanéjSich a zarovenl vysSich téZeb je vyhodné

pouzit Neumannovu strukturu sousednosti.

a) b)
1 1 2 3
2 0 3 7 0 8
4 4 5 6

Obr. 5.1.1 Schematické a) Neumannovo a b) Moorevo okoli

Bettinger a kol. (2009) ptidavaji k témto dvéma vztahiim jesté treti, kdy se za

sousedni obnovni prvek povazuje takovy, ktery je od dané¢ho prvku vzdalen néjakou
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pfedem danou vzdalenost. Jinymi slovy, spada do bufferu stiedového polygonu o

Teoreticky je mozné aplikovat vSechny tfi zptisoby. Z praktického hlediska je ale
v CR pouzitelny aZ na vyjimky pouze tfeti zpasob (Vopénka a kol. 2015). Dopad
uvedenych zplsobti vyjadieni sousednosti je ilustrovan na Obr. 5.1.2.

Na obrazku je vidét, ze v ptipadé Neumannova okoli bodu (Obr. 5.1.2 a) se za
sousedni polygony k polygonu 0 povazuji celkem 3 okolni polygony. V ptipadé
Moorova okoli bodu (Obr. 5.1.2 b) je uz okolnich polygoni 6. V poslednim piipadé
(Obr. 5.1.2 ¢), pokud se vytvotil buffer o Sifce 30 m, sousednich polygoni je jiz celkové
10. Je zfejmé, ze ¢im vétsi pocet sousednich polygond, tim vetsi bude pocet vztahl mezi
nimi. S po¢tem vztahti poroste i pocet vyslednych omezujicich podminek v modelu a to

mize vyrazné ovlivnit vypocetni naro¢nost a ¢as (Bettinger a kol. 2009)

a) b)

Obr. 5.1.2 a) Neumannovo, b) Moorevo okoli bodu, ¢) buffer o Sifce 30m
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Ptistupy optimalizace tézeb, které zahrnuji prostorové pozadavky do samotného
procesu optimalizace, se nazyvaji endogenni (Heinonem 2007). Vyhodou endogennich
modelll na rozdil od exogennich je moznost dynamicky meénit prostorovou strukturu
(napiiklad planované migraéni koridory mezi dil¢imi habitaty) v ¢ase (Ohman 2001).

Ohman (2001) zavadi dvé zékladni kategorie endogennich modeld. Jsou to tzv.
problémy disperze a problémy konektivity. Problémy disperze jsou takové, které tesi
vhodné rozmisténi prostorovych elementt po celé ploSe uréené pro planovani, napiiklad
ptifazovani holych se¢i apod. Naopak problémy konektivity se snazi vyfesit pozadavky
na vytvofeni souvislych celkd prostorovych elementii s pozadovanymi vlastnostmi,
naptiklad vytvoreni migra¢niho koridoru nebo chranéné zony tvorené mytnimi porosty

o dané vymére a tvaru.

5.2 Typy prostorovych podminek

5.2.1 Modely prostorového planovani

Podminky prostorového vzajemného pfifazovani jednotlivych tézebnich zésahi
jsou zakladnimi podminkami prostorového planovani téZzeb. Jsou oznacovany jako
»green-up constraints““ a jsou to pravidla pro té€zbu na obnovnim prvku, ktery sousedi
k Casu a prostoru a jsou nejvice pouzivanymi podminkami v lesnickém planovani
(Bettinger, Zhu 2006). Kontrola velikosti, tvaru a prostorového a ¢asového umisténi
jednotlivych téZebnich z4sahi se kromé jiného povazuje za zakladni prostiedek
k zachovani vhodného habitatu zvéte, udrzeni hodnoty biodiverzity ¢i posileni estetické
funkce lesa. Pfesto, Ze podminky pfifazovani se¢i jsou nezbytné, nepiimo komplikuji
modely planovéani tézeb, a to ptedevsim v mistech, kde se jednotlivé navrzené obnovni
prvky dotykaji rohy (Tarp, Helles 1997).

Podminky pfifazovani seci vyplyvaji z mnoha diivodi. Mohou to byt podobné jako
v CR zakonné podminky jednotlivych statd. Jinde to mohou byt pravidla dana
certifikaci lesti €1 politikou jednotlivych podniklt a organizaci (Bettinger, Sessions
2003). Ve Svédsku je napiiklad maximalni povolena vyméra holé see 20 ha (Dahlin,
Sallnds 1993) a né&které lesni celky v USA spadajici pod U. S. National Forests jsou

omezeny maximalni velikosti holé sece 16 ha (Bettinger a kol. 2009).
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Existuji dva zékladni koncepty modelt prostorového pldnovani mytnich tézeb

aplikovatelnych v planovani mytnich tézeb. Jedna se o tzv. URM (unit restriction

model) a ARM (area restriction model) modely (Murray 1999). Detailn¢ji budou oba

dva typy modelt popsany dale. Pro vSechny endogenni modely je typicka alespon jedna

binarni rozhodovaci proménna:

xipz{

URM modely

1 kdyZ obn. prvek i bude v periodé p vytéZen
0 v ostatnich pripadech

Omezujici podminky v URM modelu znemoznuji vytézit dva sousedni obnovni

prvky soucasng. Libovolné dva sousedni prvky by vsumé piekrocily povolenou

maximalni vyméru nebo rozmér (Murray, Snyder 2000).

Zakladni URM model mize mit podobu (upraveno podle Murray (1999)):

Maximalizovat

Za podminek

P

Xip =1 Vviel

Mw

p=1

I
Z VipXip = L, VpEP
i=1

VipXip SUp VDEP

-

=1

Xip+Xjp <1 Vip,j€eN,

(5.2.1)

(5.2.2)

(5.2.3)

(5.2.4)

(5.2.5)
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Xy = (0,1) Vip (5.2.6)

StéZejni omezujici podminkou pro URM model je nerovnice (5.2.5). Tato
podminka vyjadiuje vztah, Ze dva sousedni obnovni prvky i a j nemohou byt t€Zeny
soucasn¢ ve stejné periode p. V ptipadé binarni proménné x (proménnd muze nabyvat
pouze hodnot 0 nebo 1) je zfejmé, ze nerovnice bude splnéna pouze v piipadé, ze jeden
Z ¢lent bude 1 (¢ili obnovni prvek bude vytézen) a druhy ¢len bude 0 (obnovni prvek
nebude vytézen), ptipadné oba dva obnovni prvky nebudou vytézeny.

Richards a Gunn (2000) dokézali, ze preddefinovani obnovnich prvki v URM
modelech mlze zapfiCinit vEétSi nevyrovnanost téZzeb mezi jednotlivymi periodami.
Dal$im disledkem pouziti URM namisto ARM modeld mize byt nizsi hodnota ucelové
funkce (Crowe a kol. 2003).

Zakladnim zpisobem jak vyjadrtit vztahy sousednosti v URM modelech jsou tzv.
parova omezeni. Je to nejjednodussi, ale také bohuzel vypocetné nejméné efektivni

metoda (Bettinger a kol. 2009). Obecny zapis parového omezeni méa podobu:
Xip +Xjp <1 Vip (5.2.7)
kde j € J aJ je mnozina vSech sousednich prvka k prvku i.

Vysledny pocet nerovnic sousednosti je tedy stejny jako pocet vSech vztahi
sousednosti.

ARM modely

Na rozdil od URM modeli dva navrzené sousedni obnovni prvky v ARM modelech
nemusi nutné¢ dohromady pfekrocit maximalni povolenou vyméru (Murray, Snyder
2000). Tato velikost je Casto oznaCovana jako ,,Opening Size* (Crowe a kol. 2003).
Zakladni rozdil v omezujicich podminkach mezi URM a ARM modely je mozné popsat

na nasledujicim piikladu (upraveno podle Murray (1999)):

Maximalizovat

Z = Zi CipXip (5.2.8)

1
i=1p=1
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Za podminek

(5.2.2) - (5.2.4), (5.2.6)

fir(x) <A vip (5.2.9)

Jediny rozdil zékladni podoby optimalizacniho ARM modelu oproti modelu URM
je nerovnice (5.2.9) vyjadfena pomoci funkce f;,(x). Tato funkce prezentuje souvislou
plochu vSech sousednich obnovnich prvkl, na nichz je provedena tézba ve stejné
period€. Celkova vymeéra této souvislé plochy pak nesmi ptekrocit maximalni povoleny
ramec A. Bohuzel je vylouéeno, aby tato funkce byla stanovena a priori.

Diky tomu, Ze je mozné urcit potencialni obnovni prvky, omezeni (5.2.9) pak mize

byt zapsano jako:

Xip + Z ajxjp < A (5.2.10)

JEN;US;

kde S; je podmnozina vSech obnovnich prvku, které sousedi se sousedy obnovniho
prvku i a vSechny prvky, které sousedi se sousednimi prvky sousednich prvkd atd.
Nerovnice (5.2.10) je pak z tohoto diivodu oznaéena jako rekurzivni.

Murray (1999) uvadi, ze diky vztahu (5.2.9), resp. (5.2.10), je ARM model problém
dynamického programovani. Crowe a kol. (2003) ale ptfedstavuji dva typy formulaci
ARM modeli, které jsou problémy celo¢iselného programovani a jsou tak feSitelné
bézné dostupnymi komerénimi softwary.

Prvni formulace je pomoci tzv. Maximum opening constraints (omezeni maximalni
vytéZzené plochy). Témito omezenimi je mnoZina nerovnic, které zaru€uji, Ze Zadna
Zz moznych kombinaci dvou a vice sousednich potencidlné vytéZzenych obnovnich prvki
nepiekro¢i povolenou maximalni velikost.

Prvnim krokem k ziskani téchto nerovnic je sestaveni kombinaci co nejmensiho
poctu obnovnich prvki, které by v pfipadé soucasného vytézeni vSech prvkl v dané
kombinaci piekrocily povoleny limit pro velikost holé sece. Z téchto mnoZin kombinaci
pak dojde k vytvofeni nerovnic. Kazda nerovnice obsahuje takovy pocet proménnych
reprezentujici obnovni prvky, u kterého staci vyradit jednu proménnou (obnovni prvek)
a maximalni povolena velikost jiz nebude piekroCena. Z toho divodu neni nutné

V nerovnicich uvadét jednotlivé vyméry kazdého obnovniho prvku a sta¢i uvazovat
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pouze s jejich poctem. Prava strana nerovnice je tvofena sumou vSech proménnych na
levé strané minus jedna. Uvedeny princip muze byt vysvétlen na nasledujicim piikladu
(upraveno podle Crowe a kol. (2003)): M¢&me 4 sousedici obnovni prvky, kazdy
s vymérou 0,30 ha. Maximalni povoleny limit pro velikost holé sece je 1,00 ha. Necht’

je proménna = 1 pokud bude i-ty obnovni prvek vytézen.
+x; +x3+x, <3 (5.2.11)

Pokud jsou jakékoliv libovolné 3 obnovni prvky vytézeny soucasné, celkova
vymeéra vzniklé holé sece pak neptekro¢i maximalni povolenou velikost.

Druhou moznou formulaci je metoda tzv. Appended cliques. Pivodné byla tato
metoda vyvinuta pro ziskani nerovnic vyjadiujicich vztahy sousednosti (Murray,
Church 1996; McDill, Braze 2000). Crowe a kol. (2003) demonstruji pouZziti této
metody v ARM modelech. Zakladem metody je vytvofeni mnozin vSech piiléhajicich
prvki pro kazdy i-ty obnovni prvek. Dilezity rozdil oproti prvni formulaci je nutnost
ptidat do vyslednych nerovnic udaje o vymérach dil¢ich obnovnich prvka.

Zajimavé rozsiteni zakladni podoby ARM modelu podle Murray (1999) se ziska

roz$ifenim ucéelové funkce:
Maximalizovat

I

Z = z zp: CipXip — z 0; (5.2.12)

I
i=1p=1 i=1

Poté se musi nerovnice (5.2.9) nahradit nerovnici:
fip(x) —0; <A vip (5.2.13)

kde o; je velikost plochy, o kterou se piekro¢i maximalni povolena velikost jedné
seCe. Ostatni omezujici podminky zUstavaji stejné. Jde o model, ktery umoziuje
pfekroceni maximalni povolené velikosti holé seCe, ale toto piekroCeni je
minimalizovano. Vzhledem k zakonnym podminkam v CR je ale tato forma modelu
spiSe pouze teoreticka. Jeji pouziti by bylo mozné v nékterych typech maloplosnych
hospodaiskych zpiisobt, ale i1 v téchto ptipadech by hrozilo, ze za urcitych okolnosti
dojde k prekroceni zakonného limitu pro velikost holé sece.

McNaughton a kol. (2001) popisuji URM modely jako zjednodusenou verzi ARM

modeld, ve kterych chybi omezeni maximalni velikosti holé sece. Je dokazano, ze ARM
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modely maji oproti URM modelim fadu vyhod (Richards, Gunn 2000). Jednou z vyhod
muze byt napiiklad dosazitelnd vyssi hodnota ucelové funkce pii stejnych vstupnich
datech v piipadé¢ ARM (Murray, 1999). Na druh¢ strané Barret, Gilles (2000) uvadéji,
ze tato nevyhoda URM modelt se tykad pouze takovych, u kterych je relativni velikost
navrzeného obnovniho prvku vyrazné mensi nez maximalni povolend velikost holé
sece.

Na druhé strang, lesnicka legislativa v CR tykajici se t&Zebniho planovani je
vyraznéji striktngjsi nez uvedené ptiklady ze Svédska ¢ USA. Podle zakona o lesich (&.
289/1995 Sb.) a jeho provadécich vyhlasek je nutné v CR dodrzet nejen maximalni
povolenou vymeéru, ale i tvar dany maximalni moznou Sitkou holé sece. Z tohoto
diivodu je zatim pouziti URM modelam V legislativnich podminkach CR jedinou

moznosti.

5.2.2 Metody pro redukovani po¢tu nerovnic sousednosti v piipadé URM

Zatazeni podminek vzajemného pfifazovani se¢i do modeli prostorového
planovani tézeb muze v redlnych ulohdch vést k extrémnimu ristu omezujicich
podminek modelu. Z divodu environmentalnich, socidlnich ale i legislativnich ov§em
tyto podminky piedevs§im v piipadé€ holose¢ného hospodaistvi nelze vyloucit.

Thompson a kol. (1973) navrhli pouziti podminek sousednosti (adjacency
constraints) pro formulaci linearniho programovani. Misto tohoto explicitniho vyjadieni
Mealey a kol. (1982) prezentovali model linearniho programovani se zahrnutim novych
rozhodovacich proménnych, které obsahovaly informace o tom, které potencialni sece
mohou byt téZzeny soucasn¢é. Hokans (1983) pak navrhuje pouzit procedury umélé
inteligence.

Od konce 80. let jsou jiz ale znamy rGzné heuristické metody a metody
matematického programovani pro feSeni prostorového planovani t€zeb (Gross, Dykstra
1988; Gross 1989; Nelson a kol. 1988; Sessions, Sessions 1988). Tyto metody vychazeji
z teorie grafii (Mehlhorn, Sanders 2008; Matousek, Nesettil 2010).

Podle Crowe a kol. (2003) existuji dva sméry vyzkumu podminek sousednosti
URM modelt za pouziti branch-and-bound algoritmu. Prvnim z nich je snizovani poctu
omezujicich podminek diky riznym agrega¢nim schématim. Mezi n€ patii M-K-J
algoritmus (Meneghim a kol. 1988), T-B algoritmus (Torres-Rojo, Brodie 1990) nebo
analytické algoritmy (Yoshimoto, Brodie 1994a). Algoritmy M-K-J a T-B jsou ovSem
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zalozeny na heuristickych metodach, a proto jejich pouziti mize byt problematické
(Yoshimoto, Brodie 1994a). Podle Torres-Rojo, Brodie (1990) mize ovSem sniZzovani
poctu podminek vést ke ztraté efektivity pfi feSeni n€kterych problému.

Druhym smérem je pak reformulace ptvodnich podminek sousednosti, ktera
povede ke zvyseni efektivnosti branch and bound algoritmu. Reformulaci podminek se
zabyvali naptiklad Yoshimoto, Brodie (1994a); Murray, Church (1995b, 1996); Snyder,
Revelle (1996, 1997) nebo McDill, Braze (2000).

Redukovani poctu omezujicich podminek, zalozené na agregaci linedrnich
nerovnic a rovnic, vyznamné snizovalo velikost potfebné operaéni paméti pocitacu
pouzitych pro feSeni uloh a vypocetni Cas uloh celo¢iselného programovani (Kannan
1983). Dalsim diivodem pro redukovani celkového poctu omezujicich podminek byly
omezené kapacity prvotnich solverl, které byly schopné feSit pouze omezeny pocet
omezujicich podminek a proménnych. Tento smér vyvoje je ale dnes jiz irelevantni,
protoze vétSina komercnich solvert takovato omezeni jiz nemaji, a navic operacni
paméti i osobnich pocitacii dnes jiz desetinasobné vzrostly (Crowe a kol. 2003). Navic
rozdily ve vysledném poctu omezujicich podminek mezi jednotlivymi algoritmy znaéné
zavisi 1 na prostorové struktufe a poctu sousedicich jednotek (Torres-Rojo, Brodie
1990). Sami autofi uvadéji, ze jimi navrzeny algoritmus (T-B algoritmus) poskytuje
lepsi vysledky ve smyslu kone¢ného poctu omezujicich podminek pouze v piipadé, ze
prostorova struktura je blizka Sachovnici. Jakmile je pocet vztahii sousednosti vys$si nez
Vv ptipad€ Sachovnice, lepsi vysledky poskytuje algoritmus M-K-J. Dale uvadeéji, Ze ale
takovych ptipadi ve skute¢ném svété neni mnoho.

Dalsi vyznamny rozdil mezi jednotlivymi algoritmy spo¢ivd vV moznosti ulozeni
prostorovych informaci, z kterych algoritmy tvoii vysledné linedrni nerovnice. Jak jiz
bylo zminéno, popis a matematické vyjadfeni prostorovych vztahi vychazi z teorie
grafti. Predpokladejme, ze G=(,E) je neorientovany graf a
G' = (V.U viee {w,v), (v,u)}) je odpovidajici orientovany graf (Obr. 5.2.1). V =
1, ...,nje pocet vSech uzli grafu a (u,v) € E je mnozina vSech popsanych hran mezi

uzly a m je jejich celkovy pocet.
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1 3
\ L /
Obr. 5.2.1 Orientovany a neorientovany graf (upraveno podle Mehlhorn, Sanders
(2008))

Vztahy mezi hrany a uzly je mozné podle Mehlhorn, Sanders (2008)
Vv programovém kodu vyjadfit ctyfmi zakladnimi zpiisoby.

Za prvé je to nesefazend sekvence hran. Kazda hrana je reprezentovana dvojici
indextt urcujici, z jakého do jakého bodu hrana vede, v idedlnim piipade je jeste
informace roz$ifena o vahu (hodnotu) této hrany. Je to nejjednodussi zptisob zéapisu a
uloZeni dat. Kazda dal$i hrana je pfidana v konstantnim vypocetnim Case. AvSak jiné
operace jiZ pottebuji @(m) Casu. Tento zapis znamena, Ze €as potiebny na danou operaci
je funkei poctu prvku v dané sekvenci. Tato forma zapisu je Casto vyuzivana pro zapis
vstupl a vystupti.

Druhou mozZnosti je tzv. adjacency array (Obr. 5.2.2 a). Tento zpisob zapisu je
V podstaté¢ seznam vSech prostorovych jednotek a ke kazdé z nich je doplnén seznam
vSech jednotek k ni sousedicich. Tato forma zapisu neumoziiuje matematicky upravovat
vstupni data, ale umoziuje piimo ke kazdé jednotce piidavat dalsi informace a je
vhodna pro statické grafy, u kterych se neptedpoklada ptidavani dalSich uzlt ¢i hran.
Navic jakakoliv zména ve vstupnich datech neznamend zasadni zménu v plivodnim
array listu. Fakt, ze pfimé matematické operace jsou vylouceny, redukuje pouziti tohoto
zpusobu ulozeni dat pouze pro konvencni parovy algoritmus. Tento zpisob ulozeni
informaci o prostorové strukture vyzaduje n + m + ©(1) word. Je to kompaktnéjsi nez

2m word potiebnych pro uloZeni dat v ptipadé piedeslém.
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Obr. 5.2.2 Grafické znazornéni a) adjacency array a b) adjacency list (upraveno
podle Mehlhorn, Sanders (2008))

Adjacency array je velmi kompaktni a efektivni reprezentace grafu. Nicméné jeho
hlavni nevyhoda spociva v tom, ze ptidani nebo odebrani hrany grafu je Casové velmi
naro¢né. Z toho divodu je vyhodnéjsi pouzit takzvané array listy (Obr. 5.2.2 b).

Vztahy mezi jednotlivymi uzly (vrcholy grafu) se daji vyjadfit i pomoci tzv. matice
sousednosti (Yoshimoto, Brodie 1994a; Matousek, Nesettil 2010). Pokud bude mit graf
n uzlli, pak vznikne n X n matice sousednosti A, kde prvek matice a;; je 1, kdyz
(i,j) € E a 0 vostatnich pfipadech. Pfidani nebo odebrani hrany v pfipadé matic
sousednosti spotiebuje vzdy konstantni ¢as ®(m). To muze byt efektivni pouze pro
velmi husté grafy, v kterych plati, Ze m = 2(n?). Naroky na pamét jsou malé, n? bitl
(Mehlhorn, Sanders 2008). Obrovskou nevyhodou tohoto zpusobu uloZeni dat ale
zustavd komplikované piidavani novych uzlii nebo hran, piipadné pokud je potieba
uloZit né¢jaké ptidatné informace o kazdém uzlu. Na druhé strané¢ umoznuje tato forma
pfimé matematické Upravy, které jsou nezbytné pro nékteré typy navazujicich
algoritmu.

Nejjednodussim zptisobem vyjadieni vSech prostorovych vztahli sousednosti mezi
obnovnimi prvky v daném porostnim celku je tzv. konvenéni neboli tradiéni algoritmus
(conventional algorithm) (Yoshimoto, Brodie 1994a). Vzniklé nerovnice se oznacuji
jako parové omezené (pairwise constraints) (Bettinger a kol. 2009). Pti pouziti tohoto
zpusobu zahrnuje kazda vysledna nerovnice pouze dvé proménné, tj. kazdé dva
sousedni obnovni prvky. Celkovy pocet vSech prostorovych omezeni je dan poctem
kombinaci kazdych dvou obnovnich prvki. To byla dfive hlavni nevyhoda tohoto

algoritmu, protoZe vétSina 1 komer¢nich solveri byla omezena celkovym maximalnim
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poctem omezujicich podminek. To jiz ale dnes neni pravda. Navic jednoduchost
algoritmu nevyzaduje ulozeni informaci v né¢jaké specialni struktuie, jako jsou naptiklad
matice sousednosti.

Za ptedpokladu, ze proménné jsou binarni, matematicky se parova omezeni
zapisuji jako:
Xi+x <1 ViVjj€ N, Ai>j (5.2.14)

Pfi feSeni této nerovnice mohou nastat tfi piipady feSeni: 1) mize se tézit i-ta
jednotka a j-ta jednotka se tézit nemuze, 2) nemuze se tézit i-ta jednotka, ale mize se
tézit j-ta jednotka a 3) ani jedna z jednotek se nevytézi.

Dalsi algoritmy, které se pouzivaji pro vyjadfeni vSech podminek prostorového
omezeni tézeb, celkovy pocet vSech podminek co nejvice snizuji. Informace o
prostorové struktuie je nutné ovSem mit uloZzené v podob& matice sousednosti, nebo je
do této struktury pievést. Navic samotny zplsob vytvofeni vyslednych nerovnic neni
tak jednoduchy jako v pfipadé parovych omezeni a proces tvorby nerovnic tak mtize byt

Mezi tyto dalsi bézné postupy pro sepsani omezujicich podminek patii tzv. M-K-J
algoritmus (Meneghin a kol. 1988), T-B algoritmus (Torres-Rojo, Brodie 1990) a
analytické algoritmy (Yoshimoto, Brodie 1994a)

M-K-J algoritmus kvili snizeni celkového poctu omezeni zavadi tfi vzorové
nerovnice (parové, trojité a ¢tverné). To jsou nerovnice typu 1.

Pérové nerovnice jsou:

xi+x <1 (5.2.15)
Trojité nerovnice jsou:
xi+xi+x, <1 (5.2.16)
A Ctverné nerovnice jsou:
xi+xi+x,+x <1 (5.2.17)

Vsechny tyto nerovnice typu 1 tvofi mnozinu T;. Agregace nerovnic typu 1 z
mnoziny T; do nerovnic typu 2 podléhd pfedem danym pravidlim. Kazda nerovnice

typu 1 v mnoziné T; muze byt zapsana bud’ jako:
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Z xi+x% <1,j€P (5.2.18)

i€E
nebo jako:
i€E J€G

kde E, G a P jsou mnoziny definovany: 1) pokud vSechny nerovnice Vv mnozing T;
obsahuji x;, pak index i nalezi do mnoziny E; 2) pokud existuje pouze jeden prvek x; v
nerovnici typu 1 v mnoziné T; kromé x; (i € E), index j patti do mnoziny P; 3) pokud
existuje vice prvkii x; v nerovnici typu 1 v mnozin€ T; kromé x; (i € E), prvek j patii
do mnoziny G. Pokud celkovy pocet nerovnic typu 1 oznacime jako r, pak nerovnice

typu 2 jsou formulovany jako:

(2r—1) Z x; + Z xj + Z xp < (2r—1) (5.2.20)

i€EE jep keG

V druhém kroku algoritmu se znerovnic typu 2 odstrani pomoci heuristické
metody vSechna omezeni, kterd jsou redundantni, protoze vztahy jimi vyjadiené jsou jiz
obsaZzeny 1 v jinych nerovnicich. Nevyhodou algoritmu M-K-J je velké mnozZstvi
nerovnic typu 1, u kterych je ¢asové narocna identifikace vSech mozZnosti a nasledné
vytvoteni nerovnic typu 2.

Dalsi z moznosti, tzv. T-B algoritmus, je zalozen na technice penalizace a tzv.
Lhypotéze Ctyt barev (Yoshimoto, Brodie 1994a). Princip algoritmu spociva ve dvou
krocich. Prvni krok zahrnuje identifikaci vSech jednotek, pro které neni nutné psat
podminky sousednosti, protoze v podminkach pfilehlych jednotek jsou jiZ tyto vztahy
popsany. Druhy krok algoritmu vytvari omezeni sousednosti pro kazdou jednotku, kterd
nebyla oznacena v prvnim kroku (Torres-Rojo, Brodie 1990). Pokud je vytvoiena
matice sousednosti A, kde n je celkovy pocet prvkili matice (obnovnich prvkl) a a;; je
prvek matice, pak i-zy fadek a i-ty sloupec vyjadiuji stejné vztahy mezi obnovnimi
prvky. Vsechny prvky matice v i-faddku se mohou nahradit 0 bez ztraty né&jaké
informace o prostorové struktuie. Pokud timto zpisobem vyfadime veskeré piebytec¢né
radky, mizeme pfistoupit k druhému kroku algoritmu. Prvky matice, které po prvotni
eliminaci v matici zdstanou, se oznacuji jako referen¢ni. Pro kazdy tadek, ktery nebyl

Vv prvni kroku eliminovan, se poté pomoci heuristické metody penalizace hypotézou ¢ty

52



barev vytvoii omezujici nerovnice. Autofi pocet barev zvolili 5 bez teoretického
odivodnéni, a to mize vzbuzovat jistou pochybnost o obecné platnosti algoritmu pro
jiné typy nerovnic nez parové, trojité ¢i Ctverné (Yoshimoto, Brodie 1994a). Dalsi
nevyhodou obou dvou piedchazejicich postupt je nutnost pouziti heuristickych metod,
a tim zvyseni pozadavkili na matematické znalosti pfi sestavovani vyslednych omezeni.

Poslednim v soucasnosti vyuzivanym zpuisobem odvozeni omezujicich nerovnic
pro popis prostorovych vztahll jsou tzv. analytické algoritmy navrzené Yoshimoto,
Brodie (1994a). Jsou celkem tfi a v rizné mife redukuji celkovy pocéet omezujicich
podminek nebo 1 pocet proménnych v kazdé z nich. Tvorba vyslednych nerovnic u
vSech tfech algoritml spoc¢iva nejprve v upraveé vstupni matice sousednosti A (n X n).

Protoze matice A je symetrickd, plati, ze AT = A, tzn., Ze hodnoty nad diagonalou i
pod diagonalou vyjadiuji ty samé vztahy. T znamena transpozici matice. Obecné i-ty
fadek matice AT je shodny s i-tym sloupcem matice A. Lze tedy Fict, ze matice AT
vznikne ,,pfeklopenim® matice A (Jirasek, Benda 2006). Dulezité je, ze prvky na hlavni
diagondle matice ziistavaji zachovany. Jinymi slovy, a;; = a;; neboli x;x; = x;x; = 0.
Pokud vynechame prvky matice nad nebo pod diagonalou, resp. nahradime vSechny
prvky matice 0, pak dostaneme tzv. trojuhelnikovou matici. Pocet vyslednych nerovnic
se snizi jen o jednu, ale snizi se pocet ¢lenti kazdé z nich. Uvedenou upravou se
neeliminuje zadny =z existujicich prostorovych vztah. Takto upravena matice se
oznacuje jako TAM (triangular adjacency matrix).

Dalsi analyticky algoritmus spocivd ve stejném postupu, ktery byl pouzit pro
eliminaci redundantnich fadkt matice jako v pfipadé T-B algoritmu. i -ty fadek
reprezentuje ty samé vztahy jako i-ty sloupec matice a nahrazenim i-tého fadku nulami
se tak neptijde o zadné vztahy sousednosti. Vyberme i-ty fadek a nahrad'me vsechny
jeho prvky nulami. Jestlize po zméné i-tého tadku existuje k-ty fadek a k-ty sloupec

takovy, ze k # i a odpovida vztahu:

al-j = Z aﬁ Vi = 1,2,, ey, n (5221)

n
j=1 j=1

vime pak, Ze a;;, = ai; = 0, resp. i-td jednotka a k-ta jednotka navzajem nesousedi.
Jestlize jsou sousednimi, nahrazeni i-t¢ho fadku nulami zmens$i sumu prvki v k-tém

sloupci, ale nikoli v k-tém tadku. Pokud takovy k-ty fadek a sloupec existuje, pak
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nahrazenim k-tého fadku nulami opét nedojde k vynechani n¢jakého vztahu sousednosti
mezi jednotkami. Podobnym zpusobem mizeme pokracovat, nez zredukujeme celou
matici sousednosti A. Takto redukovana matice se oznaCuje jako RAM (reduced
adjacency matrix).

Redukei piebyte¢nych elementt z matice RAM, kde a;; = a;; = 1 nedegradujeme
n¢jaky vztah mezi jednotkami. Takto vzniklou matici pak oznac¢ime jako TRAM
(triangular reduced adjacency matrix).

Pro druhy krok, samotné tvorby omezujicich nerovnic, je nutné definovat tzv.
kontrolni vektor binarnich proménnych X (n X 1) = (x4, X3, ...x,)T . x; je binarni

proménna. Dale se definuje novy tzv. vektor sousednosti V.
V=AX (5.2.22)

Tento novy vektor ma prvky v;, ktery jsou sumou prvki fadku i. To vyplyva

Z definice sou¢inu dvou matic.

v = z oy (5.2.23)
JES;

kde S; predstavuje indexovou mnozinu (mnozina sousednosti) vSech jednotek
sousednich k jednotce i.

Omezeni sousednosti nastavaji v ptipadé, ze dva obnovni prvky sousedi a nemiizou
byt k t€zbe vybrany soucasné. Vysledek soucinu kontrolnich bindrnich proménnych je
vzdy nula x;x; = 0 za podminky ovSem, ze j € §;.

Vyse uvedené se da zapsat dvéma zpiisoby:

Z xx =0 (5.2.24)
JES;

nebo

JES;

Z rovnic 5.2.24 a 5.2.25 vyplyva, ze 1) pokud x; = 1, pak pro vSechna j €
Si je Xj = 0; 2) pOkUd néjaké Xj = 1 (] € Sl'), pak X;i = Oa 3) Xi 1 vSechna Xj (] € Sl)

jsou nula. Zkracen¢ pak:

XTV =0 (5.2.26)
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0 je (n x 1) nulovy vektor a X a V jsou ortogonalni. Pokud 7; bude pocet &lenti

mnoziny S;, pak plati:

> gsnll-x] (52.27)
JES;
nebo

rx; + z 5 < (5.2.28)
JES;

1; se souCasné muze vypocitat jako r; = A;1, kde A; fadkovy vektor z matice
sousednosti A a 1 je jednotkovy vektor.
Nakonec se definuje ¢tvercova matice B typu (n X n), v které i-ty prvek

diagonaly b;; = r; = A;1. Protoze

AX = Z %, (5.2.29)
JES;

muze byt nerovnice 5.2.28 zapsana jako:

buX; + A X < A1 (5.2.30)

Obecn¢ se vSechna omezeni sousednosti pak daji zapsat jako:
BX + AX <A1l (5.2.31)

nebo
MX < Al (5.2.32)

kde M = (A + B) a M je nova tzv., modifikovana matice sousednosti.
Vsechny tfi algoritmy mohou byt pfedstaveny na nasledujicim ptikladu:

Hypoteticka originalni matice sousednosti

0

=N eNolNoll ol
S OO Rr ORr o
RO R O oo
= =0 R O o0
[=Nel ool Nl
SO R PFPkr OCOCOo

SO O OO

Kontrolni vektor proménnych
X = (x1,x2,x3, x4,x5,x6,x7)T
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Protoze vysledny vektor Al je v tomto piipadé (1,2,2,3,3,1,2)T, budou vysledna
omezeni pomoci algoritmu TAM:

Tl
x2
x3
x4
x5
x6
dLx71

MX =

IOOOOOHOI
SO OO R Lk O
(=Mool =)
O Rk O oo
=== O O OO
O R OO O OO
NO OO O OO

IA
N R PR R PO

Vyslednd omezeni dosazend pomoci algoritmu RAM budou:

000000 Oqx1y O
1210000 |[x2 2
000000O0]|x3 0
MX=]100131011I{x4][=<I3
00000O0O({tx5 0
0000110 ([x6 1
000110 2474 L2

Vysledna omezeni dosazena pomoci algoritmu TRAM pak nakonec budou:

T
x2
x3
x4
x5
x6
dLy74

MX =

IOOOOO)—\OI
S o oo O NO
S OO R ORr

_ o oNO OO
=0 kO O 0O
O rRr O OO OO
NO O OO OO

IA
NP ONONO

Z uvedenych maticovych zéapist je pak mozné rovnou zapisovat podminky
sousednosti ve formé nerovnic. V piipadé algoritmu TAM by to byly nerovnice:

x2+x3<1

x3+x4<1

x4+x5<1

x5+x6 <1

x4+ x5+2x7<2

V piipad¢ algoritmu RAM by to byly analogicky nerovnice:
x1+2x2+x3<2
x3+3x4 +x5+x7<3
x5+x6<1
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x4+ x5+ 2x7<2

A nakonec v ptipad¢ algoritmu TRAM:
x1+2x2+x3<2
x3+2x4 +x5<3
x5+x6<1
x4+x5 + 2x7 <2

5.2.3 Podminky pro zachovani kvality a kvantity habitatu fauny a fléry

Mnoho Zivocisnych i rostlinnych druhli téZi z prostorové homogenity lesnich
porostll. Nékteré z nich potfebuji rozséhlé souvislé celky mladych porosti pro hnizdéni
(Thogmartin a kol. 2007) nebo staré porosty pro rozmnozovani a migraci (Hunter,
Schmiegelow 2011). Existuji studie, které se zabyvaji vytvofenim habitati vhodnych
pro konkrétni zivoc€isné a rostlinné druhy pii soucasném planovani mytnich tézeb.
Nékteii autofi vyuzivaji princip jadrovych zon (Baskent, Jordan 1995; Ohman, Eriksson
1998; Baskent 1999, Ohman 2000;). Jini autofi se zabyvaji vhodnym designem
rezervaci (Clemens a kol. 1999; Williams, ReVelle 1996; 1998).

S homogenitou vybranych ¢asti lesnich ekosystémt souvisi 1 fragmentace.
V krajinném méfitku pfedstavuje zdvazny problém, protoZe celosvétové roste rozloha
vice rozfragmentovanych lest (Soga, Koike 2012) a to pfedstavuje velkou prekazku pro
udrzeni biodiverzity (Fahrig 2001). Tento vliv je vyznamny nejen v celé krajing, ale i
samotném lesnim komplexu (Wilson a kol. 2014).

Na jedné stran¢ by mohlo byt navrZzeno chranit co nejvétsi plochy je mozné,
protoze takova mista maji vysokou rychlost kolonizace, nizké vymirani a vysokou
diverzitu prostfedi (Yamaura a kol. 2008; Soga, Koike 2012). Na druhé strané v mnoha
oblastech uz je z diitvodu vysoké hustoty lidské populace nemozné tvotit velkoplo$né
rezervace (Fahrig 2001), a proto je v mnoha piipadech vhodnym vychodiskem navrh co
mozné nejlepSiho tvaru téchto zon a rezervaci, ale i samotnych lesnich porosti. Navic
striktni ochrana ¢asti lesnich komplexti miize v kone¢ném disledku vést k uniformni
homogenité vybranych rezervaci. Ale jen mozaika rGzné starych porostl miize vést

k vytvofeni skute¢né vhodného a univerzalniho habitatu (Hunter, Schmiegelow 2011).
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Tvar predevSim ovliviiuje tzv. okrajovy efekt, tedy misto, kde se stykaji dva
ekosystémy (Hunter, Schmiegelow 2011). V ptipadé hospodaiskych lesti mize okrajovy
efekt vznikat v dusledku lidské ¢innosti. Na jedné strané jsou to okraje seci, na strané
druhé¢ ale 1 okraje vytvotenych rezervaci a jadrovych zén. Cilem planovani by tedy mélo
byt v obou dvou pfipadech minimalizovat tento okrajovy efekt. V idealnim piipadé by
se tedy mél co nejvice priblizit tvaru kruhu, protoze v tom piipad€ jsou externi vlivy
omezeny na minimum (Yamaura et al. 2008).

Jednou z moznych cest, jak zahrnout prostorové pozadavky na velikost, tvar a
rozmisténi jednotlivych rezervaci ¢i porostl (z angl. souhrnné oznacéeny jako ,,patches®)
V lesnim celku a ovlivnit tak vyslednou fragmentaci, je pouziti vhodnych krajinnych
indext. Piehled v soucasnosti pouzivanych krajinnych indexi s jejich popisem uvadi
Rutledge (2003).

Prvnim faktorem fragmentace je tvar vyslednych ,,patches”. Nejpouzivangjsim
indexem je tzv. tvarovy index, ktery porovnava, jak moc se pomér obvodu a plochy
danych ,,patches ptiblizuje idealnim tvaru, tj. kruhu - Sl (5.2.33), protoze v tomto
pfipadé¢ je nejmensi okrajova zoéna a nejvetsi jadrova zona (Schumaker 1996).

V idedlnim ptipadeé je tedy tento pomér roven 1.

Celkovy obvod
Slirun = = (5233)
2 x[celkovd plocha*

Protoze je ale v redlnych podminkéch dosazeni tvaru kruhu nemozné, Castéji se za
»idealni® tvar povazuje ctverec (Sliperec), jehoZ pomér obvodu a plochy je druhy

nejmensi (5.2.34).

Total Perimeter (5.2.34)
Slityerec = o
4 x+/Total Area

Dalsim faktorem je kompozice ,patches”, ¢ili zastoupeni jednotlivych
definovanych tfid. Existuji dva zékladni indexy. Prvnim je pocet ,,patches®, které patfi
do stejné tiidy, a druhym primérnad velikost ,,patches®, které patii do stejné tiidy.
Bohuzel ale tyto dva indexy neposkytuji kompletni obrazek o celkové fragmentaci,

protoze jsou citlivé na pfidani nebo odebrani malych ,,patches®.
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Poslednim faktorem, ktery ovliviiuje celkovou fragmentaci, je konfigurace
»patches”. Tyto indexy popisuji prostorové rozmisténi jednotlivych ¢asti v celém
zapojeni geografickych informac¢nich systémt pro popis prostorovych vztahli mezi
jednotlivymi ,,patches”. He a kol. (2000) vyvinuli tzv. agrega¢ni index, ktery neni
zavisly na kompozici, ale je zalozen na rastrovych datech. Turner a kol. (1989) navrhuji
tzv. index pravdépodobnosti sousednosti. Na rozdil od pifedeslého neni zalozen na
rastrovych datech, a je tedy vice pouZitelny pro modely prostorového planovéni tézeb.

K prostorovému planovani mytnich téZeb zaloZzenému na podpote vzniku vhodnych
habitatll by se mélo piistupovat jako ke komplexnimu problému, kdy je nutné vytvofit
mozaiku rizné starych porostii. Navrh takového pristupu byl pouzit v praci Korosuo a
kol. (2014).

5.3 Podminky téZebni vyrovnanosti

Podminky téZebni vyrovnanosti jsou druhym zékladnim typem podminek modeli
optimalizace téZzeb. Jsou dulezité jak z pohledu managementu celého podniku, tak i
z pohledu plnéni mimoprodukénich funkci lesa. Tyto podminky zarucuji trvalou
udrzitelnost z pohledu ekonomického, socidlniho 1 environmentélniho.

Nejvice pouzivanym zpisobem vyjadieni podminek plynulosti je nastaveni dolniho
a horniho limitu celkovych periodickych téZeb formou omezujicich nerovnic modelu.
Jednim moznym zplsobem je sestrojit takové podminky (5.3.1), které omezuji t€Zby
vV jedné period¢ relativné k periodé predeslé (naptiklad McDill a kol. 2002; Gunn,
Richards 2005).

1
(1+5) Z PP Y PP <1+ a) Z P 'xP7! v peP (5.3.1)
i=1 i

i=1 i=1

Dalsim zptsobem je vlozeni nové proménné do modelu, kterd vyjadiuje vysi
decenalni tézby (Yoshimoto, Brodie 1994b). Horni a dolni limit povolné té¢zby v kazdé

period¢ je pak vztazen k této hodnoté (5.3.2).
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I

Z cPxP = (1 +B)T VpeP
i=1

(5.3.2)

I
1+ a)T ZZcfxlp V peP
i=1

Vielna a kol. (2007) navrhuji zpusob vyjadfeni podminek plynulosti pomoci
penalizacni ucelové funkce. Cilem modelu je pak minimalizovat odchylky
Vv jednotlivych periodéch od daného limitu. Druhym zplisobem je nastavit spodni hranici
omezeni, CO nejvys je to mozné (Caro a kol. 2003). Dalsi pouzivanou formou je
viceucelové programovani, u kterého jsou podminky tézebni vyrovnanosti vyjadieny
formou dalsi ucelové funkce (Brumelle a kol. 1998). Martins a kol. (2014) pak navrhuji
zcela novy zpusob vyjadieni podminek téZebni vyrovnanosti pomoci tzv. bucket

formulace.

60



6 Softwarova reSeni prostorového planovani tézeb

Velmi vyznamnymi softwarovymi nastroji v oblasti planovani tézeb obecné, jsou
tzv. systémy pro podporu rozhodovani (DSS — decision support systems). DSS je
definovan jako modelové zalozeny software, ktery obsahuje ¢tyfi zakladni oblasti: 1)
programovaci systém, ktery umoziuje uzivateli komunikovat s DSS, 2) prezentacni
systétm pro zobrazeni vysledki, 3) znalostni systém pro ulozeni vSech vstupnich
informaci a 4) vlastni systém pro zpracovani a vyfeSeni zadaného rozhodovaciho
problému (Burstein, Holsapple 2008). VySe popsané schéma je mozné zobrazit i

graficky (Obr. 6.1).

Znalostnisystém

Databazovy Modelovaci Systém pro
systém systém fesSeni

Systém pro zpracovania vyreseni problému

Programovaci Prezentacni
systém systém

Uzivatelske prostredi

Obr. 6.1 Schematicky diagram hlavnich komponent DSS (upraveno podle
Eriksson, Borges 2014)
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Uvedené schéma je nutné pii zarazovani néjakého systému (softwaru) mezi DSS
dodrzovat. Casto se stava, ze i jinak velmi sofistikované systémy jako ristové
simulatory nebo geografické informacni systémy jsou mylné¢ fazeny mezi DSS
(naptiklad Tucek a kol. 2015). Tyto systémy mohou a mé¢ly by byt ale jen soucastmi
DSS, protoze jim vzdy né¢jaké ostatni oblasti DSS chybi.

DSS nachdzi své uplatnéni ve vSech odvétvich lidské Cinnosti a jsou dnes jiz
nedilnou soucasti kazdodennich rozhodnuti ve velkych firmach i infrastruktute stati.
Simulac¢ni a optimaliza¢ni techniky jsou zahrnovany v softwarech pouZivanych v lesnim
hospodarstvi od 70. let 20. stoleti a dnes na celém svété existuje nejméné 100 DSS
(Eriksson, Borges 2014).

Podle Reynolds (2013) DSS ur¢eny pro lesni hospodatstvi by nemél vykonavat
kone¢né rozhodnuti. M¢l by slouzit pro analyzu, organizaci a prezentaci informaci
uzivateli a podpofit jeho konecné rozhodnuti.

Lesni hospodafstvi je velmi komplexni a slozity problém stadou casto |
protichidnych cili, omezeni a nafizeni. Proto v tomto odvétvi jiz byla vytvorena fada
ruznych DSS, jejichz dobfe zpracovany prehled s kratkym popisem je uvefejnén na
webovych strankach odborné skupiny ForestDSS Community od Practise (Forest DSS
CoP, 2015).

Mezi DSS, které podporuji prostorové planovani tézeb, patii napiiklad SNAP
(Sessions, Sessions, 1988) nebo HEUREKA (Wikstrom a kol., 2011). Dalsi feseni jako
napiiklad J-Software (Lappi, Lempinen 2013) jsou vice nastroji pro vyvoj nez
samotnymi DSS. Uvedené systémy optimalizuji prostorové rozmisténi seci, ale
postradaji moZnost editace obnovnich prvki. Zakonné poZadavky predevSim pii
holosecném hospodaiském zptlisobu se mohou diametralné lisit v kazdé zemi. Proto neni
mozné vytvofit univerzalni nastroj aplikovatelny bez omezeni po celém svéte.
praxi, ale nepodporuji prostorovost a jsou uréeny piedevsim pro strategické planovani,
patii naptiklad portugalsky systém SADfLOR (Barreiro a kol., 2013), ktery nabizi 1
svoji webovou verzi, nebo norsky Gaya-GIS (Borges a kol., 2014).

Eriksson, Borges (2014) vylisuji nékolik charakteristik, podle kterych je mozné
kazdy DSS pro lesnicky management charakterizovat. Piehled s kratkym popisem kazdé

charakteristiky je uveden v Tab. 6.1.
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Tab. 6.1 Charakteristiky DSS

W w7

Casové méritko

e Dlouhodobé (strategické)
planovani

o Stiednédobé (taktické)
planovani

e Kratkodobé (operativni)
planovani

Planovaci horizont piekracuje 10 let.

Planovaci horizont je od 2 do 10 let.

Planovaci horizont je vétSinou méné jak 1 rok,
nejcastéji v fadech mésict 1 dni.

Aspekty prostorovosti

e Prostorové s uvazovanim
sousednosti

e Prostorové bez uvazovani
sousednosti

e Neprostorové

Interakce mezi dvéma sousednimi jednotkami
jsou dulezité pro rozhodnuti.

Prostorovy aspekt hraje roli, ale interakce mezi
dvéma sousednimi jednotkami nemaji na vysledek

viiv.

Prostorovy aspekt nehraje v modelu Zadnou roli.

Prostorové méritko

e Porostni uroven

e Uroven celého celku

e Regionalni/narodni
urovei

Planovani se uskute¢niuje na tirovni porostu.

Planovani se wuskuteCfiuje na urovni lesniho
hospodaiského celku.

Planovani se uskuteciiuje na urovni regiond az
statd.

Dimenze rozhodovani

e Jeden rozhodovatel

e Vice rozhodovatelu

Kone¢né rozhodnuti a nastaveni priorit zavisi
pouze na jedné osobé.

Kone¢né rozhodnuti a nastaveni priorit zavisi na
vice osobach.

Dimenze cila

e Jeden cil

e Vice cilu

Jednoduchy managementovy cil.

Cili managementu je nckolik, Casto vzajemné
protichiidnych a hleda se kompromis mezi nimi.
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Dimenze produkti a sluZeb

e TrZzni produkty Management je zaméfen pouze na trzni produkty
ze dfeva.

e NetrZni produkty Management je zaméfen i na jiné netrzni produkty
lesa.

e Trini sluzby Management je zaméfen pouze na trzni sluzby

lesnich ekosystémii.

e NetrZni sluzby Management je zaméfen i na jiné netrzni sluzby
lesnich ekosystémd.

Predkladanad disertacni prace se zabyva posledni komponentou DSS, coz je
modelovaci systém pro zpracovani a vyieSeni problému. Tato komponenta se zabyva
tfemi zékladnimi oblastmi: modely, pfidruzenymi datovymi mnozinami a pfislusnymi
solvery pro vyfeSeni definovanych tuloh. Obecna struktura matematického modelu

vhodného pro DSS je prezentovéna na Obr. 6.2.

Ugivatel
Rozhodovaci proménné=x Zpétna vazba
> Matematicky model )
Z=F(xy)
} Vychozi proménné=z

Externi proménné=y

Obr. 6.2 Struktura matematického modelu pro DSS (upraveno podle Burstein,
Holsapple 2008)
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7 Metodika prace

Zéakladnim bodem celé disertacni prace je studium metod prostorového planovani
mytnich t&Zeb. Vzhledem k tomu, Ze tomuto tématu se v CR doposud vénovalo jen
minimum autor, bylo nutné vybudovat si potiebnou bazi znalosti studiem aplikaci
jednotlivych metod v ostatnich zemich Evropské unie ¢i svéta.

Ne vSechny modely je mozné aplikovat v zédkonnych a piirodnich podminkach
Ceské republiky. Proto bylo nutné nejprve na zékladé studia vybrat a otestovat typy
modelll a metod pro jejich feseni, které jsou aplikovatelné v tuzemskych podminkéch.

Pro dosazeni kazdého vytCeného cile je nutné pouzit jiny model planovani tézeb,
ptipadné i dopliujici data. Neni tedy mozné popsat jednotné spoleénou metodiku
nutnou pro dosazeni vSech dil¢ich vysledkd. Z divodu piehlednosti prezentovanych
vysledkd byl zvolen nestandardni postup popisu metodiky prace, kdy se jednotlivé dil¢i
metodiky popisuji vzdy v konkrétni podkapitole tykajici se dan¢ho dil¢iho vysledku.

Zakladni postup pii tvorbé kazdého prezentovaného modelu spociva v zadani
modelu, definovani proménnych, ucelové funkci a vSech omezujicich podminek.
Vzhledem k charakteru prace musi byt ucelova funkce i omezujici podminky vyjadieny
V linearnim tvaru. Pokud ne, musi byt na tento tvar vhodnym zplisobem pievedeny.

Zasadnim aspektem prostorového planovani tézeb je prostorova struktura lesnich
porost,, predevSim pak téch mytnich. Tato vstupni struktura je jiz sama o sobé
v podminkach CR zna¢né komplikovana. Vytvofenim potencialnich obnovnich prvki se
pak tato struktura jesté vice zkomplikuje. ProtoZe ma prostorova struktura znacny vliv
na celkovy vysledek i rychlost vypoctu, bude nutné v dal§im kroku prace vybrat rlizné
lesni hospodaiské celky (LHC). Tyto LHC budou slouZzit jako modelové celky. Na
podklad¢ téchto dat se budou v geografickém informacnim systému editovat potencidlni
obnovni prvky pro riizné typy hospodateni. Editace musi probihat tak, aby byly
dodrzeny vSechny zakonné parametry pro velikost jednotlivych typl seci. Toto omezeni
se tyka ptedevS§im holosecného hospodatského zpiisobu, pii kterém nesmi Sife
jednotlivych seci prekrocit dvojnasobek vysky okolniho porostu a celkova velikost sece
nesmi piekroCit az na vyjimky velikost 1 ha. Nasledné¢ bude provedena analyza
prostorovych vztaht mezi jednotlivymi prvky a tyto informace budou uloZeny v takové
podobé, ktera bude vyhovovat vybranému matematické vyjadieni téchto vztaht.

Dilezitym bodem definovani vztahii sousednosti je urCeni podminek, podle kterych
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dochazi k vybéru souseda. V zavislosti pravé na riiznych typech hospodateni a jejich
vlivu na mimoprodukéni funkce je mozné rozliSovat nékolik variant. Pomoci k tomu
ur¢enych algoritmt budou na zavér vytvofeny nerovnice, které uz budou piimo
vstupovat do modelu optimalizace. V téchto nerovnicich budou obsazeny veskeré
existujici prostorové vztahy mezi jednotlivymi obnovnimi prvky.

S cilem omezit riziko nedostupnosti redlnych dat jinych lesnich hospodatskych
celkl se v nékterych ptipadech bude uméle generovat celd vnitini struktura porost nad
mapovymi podklady modelovych lesnich hospodaiskych celkli. Vytvofi se tak série
modelovych ptipadl z hlediska hospodatskych zpiisobi a plnéni mimoprodukénich
funkci lesa.

Pro dosazeni dil¢ich cili byly vytvoieny 3 hypotetické lesni hospodatské celky,
které budou dale oznaceny jako referen¢ni LHC 1 (Obr. 7.1), referen¢ni LHC 2 (Obr.
7.3) referen¢ni LHC 3 (Obr. 7.5).

Obr. 7.1 Referen¢ni LHC 1

Referenéni LHC 1 bylo vybrano kvili simulaci redlnych prostorovych vztaht.

Z toho divodu byla pro nasledujici vypocty uvazovana pro kazdy porost pouze jedna
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drevina, smrk ztepily (Picea abies /L. Karst/), stejné hektarové porostni zasoby (450
m?>/ha), stejné absolutni vy§kové bonity (28), stejného obmyti (110 let) a stejné obnovni
doby (30 Iet). Dalsimi modelovymi piedpoklady je aplikovani pouze holoseéného
hospodaiského zptisobu a zalesnéni nové vzniklych holin okamzité po provedené tézbé.
Poslednim dilezitym piedpokladem je, Ze vSechny ztradty na porostni zasobé vzniklé
v disledku nédhodnych vlivil, jako je vitr, pozar, hmyzi skidci apod., jsou zahrnuty
v odhadované porostni zasob€, nikoliv v modelu samotném. VeEkova struktura
referenéniho LHC je na Obr. 7.2. Vékova struktura referenéniho LHC byla umysIné
simulovana nevyrovnané z diivodu dosazeni podminek podobnych redlnym. Protoze se
jedna predevsim o prezentaci metod prostorového planovani, a ne planu tézeb, nebyly
ani jednotlivé porosty (polygony) déleny obnovni prvky.

Celkem ma referencni LHC 738 polygoni (porostl) o celkové vyméte 513,90 ha.
Primérnd velikost jednoho polygonu je 1,54 hektaru. Nejvétsi polygon ma 17,72

hektaru a nejmensi 0,02 hektaru.
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Vékové stupné

Obr. 7.2 Vékova struktura referenéniho LHC 1

Referen¢ni LHC 2 ma vyméru 178,00 ha. Na ptikladu tohoto LHC jsou na obrazku
8.3 prezentovany také navrzené potencidlni obnovni prvky. Celkem bylo navrzeno 363
obnovnich prvki o primérné velikosti 0,30 ha. Nejvétsi ma 0,88 a nejmensi ma 0,03 ha.

VeEk porostli, absolutni vyskové bonity, hektarové porostni zasoby, obmyti a obnovni
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doba vychazely z realnych dat lesniho hospodaiského planu (LHP). Vékova struktura

referenéniho LHC 2 je opét nevyrovnana a je prezentovana na Obr. 7.4.

Obr. 7.3 Referen¢ni LHC 2 (tmavé Sedou barvou jsou zvyraznény obnovni prvky)
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Obr. 7.4 Vékova struktura referenéniho LHC 2
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Obr. 7.5 Referencni LHC 3 (tmavé Sedou barvou jsou zvyraznény obnovni prvky)
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Obr. 7.6 Vékova struktura referenéniho LHC 3
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Na Obr. 7.6 je znazornéna veékova struktura referencniho LHC 3, kterd je opét
velmi vzdalena od v€kové struktury normalni lesa. Toto LHC ma vyméru 494,80 ha a
jeho prostorova struktura je ziejma z Obr. 7.5. Podobn¢ jako u piedeslého referen¢niho
LHC byla pouzita pro ucely diserta¢ni prace pouze jedna dievina (Picea abies /L.
Karst/), ale v¢k, bonity a hektarové porostni zasoby jiz byly pro kazdou porostni
skupiny jiné, vychazejici z redlnych dat lesniho hospodatského planu. Stejné tak i
obmyti a obnovni doba vychazely z redlnych hospodarskych soubor vyliSenych na
daném LHC.

Samotné modely pro optimalizaci budou navrzeny tak, aby respektovaly vsechny
prostorové vztahy a aby zarovein optimalizace mytnich tézeb probéhla i s ohledem na
jiné nez produkéni funkce lesa. Pokud se vhodné nastavi maximalni povolené limity
pfipadnych zmén, je mozné urcit prostorové podminky pro pfifazovani jednotlivych
typil téZebnich zdsahli. Podoba modelu bude takovéa, aby ho bylo mozné fesit vybranymi
metodami opera¢niho vyzkumu. Pro ucely disertaéni prace se nabizi metody
matematického programovani, resp. metody celociselného a celoCiselné¢ smisené¢ho
matematického programovani.

Navrzené modely implementované do vyvijeného DSS byly otestovany na datech
referen¢nich LHC pomoci tohoto systému. Modely, které byly v ramci disertacni prace
navrzeny, ale nebyly dosud v DSS implementovany, byly zapsadny a vypocitany pomoci
soubort formatu *.1p, které jsou urceny pro zapis linearnich modeltl a je mozné je tesit
ve vétsin€ komer¢nich i akademickych solverech. Pfiklad zapisu modelu v souboru *.Ip
formatu je uveden na Obr. 7.7. Vytvofené modely byly feSeny pomoci komeréniho

optimaliza¢niho softwaru Gurobi (Gurobi Optimization 2014).
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Maximize

197.18 x0 + 105.11 x1 + 73.20 x2 + 83.41 x3 + 152.24 x4 + 145.56 x5
+ 184.16 x6 + 46.76 x7 + 41.80 x8 + 60.08 x9 + 67.34 x10 + 197.18 x11
+ 105.11 x12 + 73.20 x13 + 83.41 x14 + ...

Subject To
c0l: x0 + x11 + x22 + x33 + x44 <=1

c02: x1 + x12 + x23 + x34 + x45 <=1
c03: x2 + x13 + x24 + x35 + x46 <=1

c2l: x1 + 2 x2 + x52 <=2

c22: x1 + x2 + 2 X3 <=2

c23: x1 + x3 +4 x4 + x5 + x8 <=4

c24: x1 + x3 + x4 + x5 + 4 x6 <=4

c25: x1 + x2 + x3 + x6 + 5 x7 + x16 <= 5

C150: - 210 xO - 115 x1 - 80 x2 - 92 x3 - 170 x4 - 160 x5 - 200 x6 -
55 x7 - 49 x8 - 71 x9 - 82 x10 - 210 x11 - 115 x12 - 80 x13 - 93 x14
- .. + 197.18 x0 + 105.11 x1 + 73.20 x2 + 83.41 x3 + 152.24 x4 +
145.56 x5 + 184.16 x6 + 46.76 x7 + 41.80 x8 + 60.08 x9 + 67.34 x10 +
197.18 x11 + 105.11 x12 + 73.20 x13 + 83.41 x14 + ... <= 0

Binaries
X0 x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 ..

Obr. 7.7 Ptiklad zapisu linearniho modelu optimalizace té¢zeb v soubotu *.lp formatu
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8 Vysledky

Vysledky jsou prezentovany v ramci 4 dil¢ich cilt, které byly definovany v tivodu
prace. VytyCené vysledky jsou pfedstaveny casteCné piimo v této praci, ¢astecné jsou
predstaveny v piiloZzenych odbornych publikacich, které byly publikovany v priabéhu
autorova studia. Dil¢imi cili bylo pfedstaveni zékladnich typti modeli a podminek
prostorového planovani, vzajemné porovnani prostorového a neprostorového planovani
a vyvoj modelti zahrnujici i plnéni environmentdlnich funkci lesnich ekosystémt.
Poslednim cilem pak byla implementace vybranych modeld do vlastniho DSS a
otestovani tohoto software na realnych datech. V névaznosti na dil¢i cile byly vytvofeny

4 podkapitoly (podkapitoly 8.1 — 8.4).

8.1 Typy modeli a podminek prostorového planovani mytnich tézeb

Pro splnéni dil¢iho cile 1 byla pouzita data referencniho LHC 1. Dil¢i modely a

vysledky jsou prezentovany dale.

Maximalizace vytézeného diivi a isté sou¢asné hodnoty

Nasledujici ¢ast prezentuje vliv rozdilného vyjadfeni definovaného vynosu
ztézby ¢ na celkovy vysledek modelu. Dvéma nejcastéji pouzivanymi formami
vyjadfeni c je a) celkova zasoba v daném polygonu a b) ¢ista soucasnd hodnota dan¢ho
polygonu.

Budou tedy porovnavany dva modely: Model 8.1_A, v kterém cip bude celkova

p

zésoba polygonu i v planovaci periodé p, tedy ¢/ = v?, a Model 8.1_B, ve kterém c!

bude ¢ista soucasna hodnota polygonu i v periodé p vypoéitana podle vztahu (8.1.1):

) vynosy(K¢/m?) — naklady(K¢/m?)
v

(1+ 70)10(p—1)+5 (8.1.1)

p
i

Pro vypocet celkové zasoby daného polygonu v planovaci periodé p (v!) byl
pouzit riistovy model vyvinuty pro DSS Optimal (Marusdk a kol. 2015). Model je
odvozen na zakladé Rustovych tabulek pro CR (Cerny a kol. 1996), velikost zasoby
zavisi na dievin€, véku a bonité stanoviste.

Naklady jsou vztazeny pouze k tézebni ¢innosti, nejsou tedy ve vypoctu zahrnuty

naklady na zalesnéni, zajisténi a ochranu nov€ vysazené¢ho porostu. Z divodu
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schematizovani vypo&tu bylo uvazovano s fixni hodnotou vynosi 1000 K&/m?® a s

fixni hodnotou nakladéi 700 K&/m?®. Pogitalo se s hodnotou trokové miry r = 2 %.
Pro oba dva modely byla vypocitana varianta, kde P = 3 a délka jedné planovaci

periody je 10 let. Odchylky o a B byly nastaveny na 10 %, respektive -10 %.

Matematicka formulace modeli Model 8.1 A a Model 8.1_B:

I P
maxZ = Z z clxP (8.1.2)

i=1p=1

p { 1 pokud je ity prvek vytéZen v periodé p
L 0 v ostatnich piipadech

za podminek:

ZI:EP: xP <P (8.1.3)

I
1+ 'B)Z PP < Z cPxl <1+ a)z P 'xP™t v peP (8.1.4)

x?je binarni proménna
(8.1.5)

Nerovnice (8.1.3) zaruCuje, ze kazdy polygon bude navrzen k t€Zbé maximalné
jednou za P period. Soucasti modelu nejsou podminky sousednosti, které by zajistovaly
adekvatni pfifazovani seci. Nerovnice (8.1.4) byla zvolena pro zaruceni plynulosti

vynosu z tezby.

Tab. 8.1 Vysledky pro Model 8.1_A

Perioda (navrZena t&zba v tis. m°)

1 2 3 Celkem
49,0 53,8 59,2 162,0
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Perioda (vynosy z tézby v mil. K¢)

1 2 3

10,9 12,1 12,8 35,8

Tab. 8.2 Vysledky pro Model 8.1_B

Perioda (vynosy z tézby v mil. K¢)

1 2 3 Celkem

11,0 12,1 12,9 36,0

Perioda (navrZena tézba v tis. m°®)

1 2 3

49,2 53,4 59,4 162,0

Tabulka 8.1 prezentuje vysledky Modelu 8.1_A, v kterém se maximalizovala
celkova vySe mytni t€Zby za 30 let, a tabulka 8.2 pak prezentuje vysledky Modelu
8.1 B.

V obou dvou ptipadech (optimalizace vytéZeného diivi nebo Cisté soucasné
hodnoty) je dodrZzena podminka maximalniho decenalniho rozdilu + 10 % od decenélni
tézby v piedeslém decenniu, resp. decenalni Cisté soucasné hodnoty. Na tomto
konkrétnim referencnim LHC suvedenou prostorovou a vékovou strukturu nejsou
zadné, resp. jsou malé, rozdily v celkovych téZbach nebo ¢istych soucasnych hodnotach

mezi Modely 8.1 Aa8.1 B.

Vliv velikosti odchylek a a

Pro nasledujici analyzu byl opét vyuZit jednoduchy model prezentovany jiz
v piedeslé kapitole. Jednd se konkrétné o Model 8.1_A, v kterém ¢! bude celkové
zésoba polygonu i v planovaci periodé p, tedy ¢/ = v} . Tento model bude dale

v podkapitole oznacen jako Model 8.1_C.
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Pro model Model 8.1 _C byly vypocitany 3 varianty liSici se velikosti odchylek a
a B (a=1%;5 %; 10 %; 15 %; 20 %; 25 % a 30 % a B =-1 %; -5 %; -10 %,
-15 %; -20 %; -25 % a -30 %). U vSech variant bylo uvazovani s délkou planovaciho
obdobi P = 3. Dale byl jest¢ z divodu porovnani vytvoien model Model 8.1 D, ktery

neobsahuje zadné podminky vyrovnanosti nebo plynulosti tézeb.

Matematicka formulace modelu Model 8.1 D:

I P
maxZ = Z z clxP (8.1.6)

i=1p=1

p { 1 pokud je ity prvek vytéZen v periodé p
L 0 v ostatnich pripadech

za podminek:

1 P
dYarsp (8.1.7)
i=1p=1
x?je binarni proménna (8.1.8)

Tab. 8.3 Vysledky pro Model 8.1_D

Perioda (navrzena t&Zba v tis. m°) Celkem
1 2 3
0,0 0,0 165,5 165,5

Tab. 8.4 Vysledky pro Model 8.1_C

Perioda (navrZena t&zba v tis. m°)
Procentualni rozdil

1% (-1 %) 53,4 53,9 54,4 161,7 -2,3%
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5% (-5 %) 51,3 53,9 56,6 161,8 -2,2%

10 % (-10 %) 49,0 53,8 59,2 162,0 2,2 %
15 % (-15 %) 46,9 53,6 61,6 162,1 2,1%
20 % (-20 %) 44.8 53,4 64,1 162,3 -2,0 %
25 % (-25 %) 42,9 53,1 66,4 162,4 -1,9 %
30 % (-30 %) 40,9 52,9 68,7 162,5 -1,8%

V tabulce 8.3 jsou zapsany vysledky pro Model 8.1 _D. Tento model neobsahuje
zadné omezujici podminky, jen tu, kterd zajistuje, ze kazdy polygon bude pro tézbu
navrzen pouze jednou za celé planovaci obdobi. Je ziejmé, Ze v takovém piipadé bude
veskera mozna téZba navrzena az do posledniho decennia, protoze v tomto decenniu
bude zasoba vSech mytnich porostii nejvétsi. Tato hodnota mize byt oznacena jako
urcity téZebni potencial daného referenéniho LHC pro planovaci obdobi 30 let. Je to
hodnota pouze modelovd, neredlna, ale mize slouzit jako srovnévaci hladina pro
porovnavani dalSich vysledkd.

Tabulka 8.4 pak prezentuje jiz vysledky se zahrnutim i rizné miry pozadované
vyrovnanosti. Na zaklad¢ procentudlni rozdilu mezi celkovymi téZbami jednotlivych
variant a celkovou vyslednou téZbou navrzenou Modelem 8.1_D je vidét, ze ¢im vétsi
jsou pozadavky na vyrovnanost tézeb, tim menSich hodnot ucelové funkce (celkové
vyse tézeb) se dosahuje a naopak. Je tedy jasné, Ze naroky lesniho hospodare na
vyrovnané tézby mohou byt ¢asto v rozporu se zdkladnim poZadavkem na maximalizaci
celkoveého vytézeného diivi. Ale opét velmi zdlezi na konkrétni vstupni prostorové a
vékové struktuie, nehled¢ na ristové charakteristiky daného LHC. Jak je ukazano na
ptikladu prezentovaného referencniho LHC, tyto poklesy v hodnoté ucelové funkce

mohou byt skute¢né minimalni.

vvvvv

| v tomto pfipadé byl pouzit model Model 8.1_A, ktery je pro ucely této kapitoly
oznacen jako Model 8.1_E. Pro model Model 8.1_E bylo vypocitano 8 variant liSicich
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se poc¢tem planovacich period (P = 3,4, ...,10). Pro vSechny varianty byly odchylky a,

resp. B, nastaveny na 10 %, resp. -10 %.

Tab. 8.5 Vysledky pro Model 8.1_E

Perioda (v tis. m®)
P Celkem

1 2 3 4 5 6 7 8 9 10

3 49,0 538 59,2 - - - - - - - 162,0
4 385 42,3 465 511 - - - - - - 178,4
5 36,4 40,0 44,0 483 532 - - - - - 221,9
6 319 351 386 424 46,7 513 - - - - 246,0
7 31,7 349 384 42,2 464 511 562 - - - 300,9
8 31,8 349 384 422 464 510 56,1 61,7 - - 362,5
9 31,7 349 384 422 464 51,1 56,2 618 679 - 430,6

10 283 31,1 342 376 414 455 50,0 550 605 66,5  450,1

Tabulka 8.5 prezentuje vSech osm variant Model 8.1_E lisicich se délkou
planovaciho obdobi. Vzhledem k rizné dobé obmyti a obnovni dobé jednotlivych
porostl referencniho LHC je jasné, ze s délkou planovaciho obdobi nartistd hodnota
ucelové funkce. Je to z toho divodu, Ze ¢im delsi je planovaci obdobi, tim vice porostt
muze vstoupit do optimalizace.

Zasadni je klesajici trend vyvoje decendlnich tézeb v jednotlivych periodach.
Tézba v prvnim decenniu je v ptipadé 3 planovacich period zhruba 49,0 tis. m°, ale
Vv ptipad¢ 10 planovacich period uz jen 28,3 tis. m°. Tento trend aZ na drobné vyjimky je
stejny ve vSech decenniich. Tyto vysledky vznikly v disledku uvedeného modelu. Ten
ptedpokladd, ze vSechny obnovni prvky nebo porosty mohou byt beze zbytku za
planovaci obdobi vytézeny. V piipadé, Ze v modelu nejsou zadné dalS§i omezujici

podminky, a protoze ucelova funkce je maximalizovana, do t€Zby se navrhnou beze
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zbytku naprosto vSechny prvky. To znamena, ze pokud bychom uvedeny model
aplikovali pfi redlném plénovani a délce obdobi naptiklad 3 decennia, pak ve 4.
decenniu (to by bylo soucasti az dalsi optimalizace) by vstoupily pouze mytni porosty,
které¢ by se mytni az v tomto 4. decenniu staly. T¢zba ve ¢tvrtém decenniu by tedy
mohla byt vyrazn¢ mensi, stejnd nebo i vyrazn¢ véEtsi nez navrhované tézby
v piedeslych 3 decenniich a z dlouhodobého hlediska by tedy k vyrovnanosti tézeb
nedoslo. Z toho divodu je tedy vyhodnéjsi planovat na co nejdelsi obdobi.

Vzhledem Kk tomu, ze prostorové planovani v ramci strategického planovani nema
vzhledem K nejistoté vyvoje porostnich charakteristik vyznam a Ze v redlnych
podminkach je takovato situace nepravdépodobna, protoze model prostorové
optimalizace t€zeb musi obsahovat minimaln¢ dalsi podminky pfifazovani seci, nemusi
tato nevyhoda Modelu I pisobit vyznamné nevyrovnanosti v decenalnich tézbach.
Nicmén¢ pravé z tohoto diivodu by bylo vhodné otestovat Model II nebo jiné typy
podminek vyrovnanosti tézeb. Z praktického pohledu se pravé také ztoho divodu
doporucuje optimalizované plany mytnich tézeb aktualizovat na zaklad¢ vyvoje ne aZ na
konci planovaciho obdobi, ale priibézné, naptiiklad v polovin€ a na konci kazdého
decennia.

Obrazek 8.1 znazoriiuje prostorové rozmisténi tézeb pro dveé z vyse uvedenych
variant pro Model 8.1 _E. Konkrétné se jedna o varianty a=10 %, =10 % P=3 a
a=10%, =10 % P=10. Obrazky ilustruji skute¢nost, ze v pfipad¢ a) kvili rozdilnému
véku nevstupuji do planovani béhem 3 decennii vSechny polygony na rozdil od varianty
b). Z dlouhodobéjsiho strategického hlediska tedy varianta b) poskytuje vyrovnangjsi

decenalni tézby.
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Obr. 8.1 a) prostorové rozlozeni tézeb pro Model 8.1_E, variantu a=10 %, p=10 %
P=3 a b) prostorové rozlozeni t¢zeb pro Model 8.1_E, variantu a=10 %, p=10 % P=10
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Vliv typu podminek vyrovnanosti téZby pri zohlednéni omezeni priFazovani se¢i

Posledni ¢ast 1. podkapitoly ma za cil pfedstavit 4 mozné definice vyrovnanosti
ptitazovani holych seci. Byly vytvofeny 4 modely, které budou pfedstaveny dale a od
kazdého modelu 2 varianty (bez / s podminkami piifazovani seci).

Ugelovou funkei ve viech 4 modelech je jednoduchd maximalizace vytézeného
diivi na referencnim LHC za obdobi 5 decennii (P =5). Maximalni povolené
procentudlni odchylky byly nastaveny na 1 %, resp. — 1 % a 10 %, resp. — 10 %.

Matematicka formulace modelu Model 8.1 F:

i
maxZ = Z Z cPx?P (8.1.9)

p { 1 pokud je ity prvek vytéZen v periodé p
L 0 v ostatnich pripadech

za podminek:

ii xP <P (8.1.10)

I
1+p Z R~ Z c’x? < (1+a) Z P 'xP™t v peP (8.1.11)

xPje binrni proménna (8.1.12)

Podminky vyrovnanosti decenalnich tézeb jsou vyjadieny ve formé nerovnic
8.1.11 a byly upraveny podle navrhu Johnson, Scheurmann (1977). Tento zptisob je
jednim z nejptivodnéjSich zplisobli matematického zajisténi vyrovnanosti t€Zeb. Podle
tohoto zpisobu nesmi decenalni tézba piekroCit povoleny ramec tézby z decennia

predeslého.
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Matematicka formulace modelu Model 8.1_G:

I P
maxZ = Z Z cPx?P (8.1.13)

p { 1 pokud je ity prvek vytéZen v periodé p
: 0 v ostatnich pripadech

za podminek:

ii xP <P (8.1.14)

I
1+p Z PP < Z c’x? < (1+a) Z P 'xP™t v peP (8.1.15)

=1 i=1 i=1
I I I
1+8 Z PP < Z PP < (1 + @) Z PPt (8.1.16)
i=1 i=1 i=1
x?je binarni proménna (8.1.17)

Model 8.1_G je zalozen na stejném typu podminek vyrovnanosti jako predesly
model s tim rozdilem, Ze k nerovnicim 8.1.15, které jsou shodné s nerovnicemi 8.1.11,
jsou pfidany nerovnice 8.1.16, které zarucuji, ze tézby v posledni planovaci periodé
budou v mozném rozmezi t€zby nejen od periody piedeslé, ale i od periody prvni. Tento

typ nerovnic byl vytvoien pro Ucely disertacni prace.
Dalsim modelem je Model 8.1 H, kde jsou podminky téZebni vyrovnanosti

vyjadieny ve form¢ nerovnic 8.1.20. Povoleny ramec tézeb v kazdém decenniu je

V tomto piipad¢ stanoven pomoci primérné hodnoty tézeb za celé planovaci obdobi.
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Matematicka formulace modelu Model 8.1 H:

I P
maxZ = Z Z cPx?P (8.1.18)

P { 1 pokud je ity prvek vytéZen v periodé p
: 0 v ostatnich pripadech

za podminek:

ii xP <P (8.1.19)

=1 P
(8.1.20)
I §P__cPyP !
(1+a) 1_121;3_11 lZZcipxlp V peP
i=1
xPje bindrni proménna (8.1.21)

Posledni prezentovanou moznosti podminek vyrovnanosti jsou nerovnice 8.1.24
v Modelu 8.1 I, které byly podle znamych skuteCnosti poprvé pouzity v praci
Yoshimoto, Brodie (1994b). Tento zptisob zavadi do modelu novou proménnou a pravé

k této nové proménné jsou vztazeny hodnoty téZeb vSech decennii.

Matematicka formulace modelu Model 8.1 _I:

1 P
maxZ = Z Z cPx? (8.1.22)

P { 1 pokud je ity prvek vytéZen v periodé p
L 0 v ostatnich pripadech
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za podminek:

izp: xP <P (8.1.23)

Zcfxlp > (1+ B)T V peP
i=1
(8.1.24)
I

(1+a)TZch-pxip V peP

i=1

x! je binarni proménna (8.1.25)

kde T je nova pridatna proménna modelu.

Obménou uvedenych modelt mohou byt modely, ktery vsobé zahrnuji i
podminky mozného pfifazovani holych se¢i (8.1.26) vyjadiené pomoci matice

sousednosti (Yoshimoto, Brodie 1994a)

MX < Al
M=A+B

(8.1.26)

kde
A = matice sousednosti

B = diagonalni matice, v které prvek i diagonaly b;; je definovan jako b;; =
A;1 (A;=tadkovy vektor i matice sousednosti A)

M = modifikovana matice sousednosti
X = kontrolni vektor proménné x

1 = jednotkovy vektor (I x 1)
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Tab. 8.6 Vysledky pro Model 8.1_F, Model 8.1_G, Model 8.1_H a Model 8.1 | bez
uvazovani podminek pfifazovani seci

Perioda (v tis. m®)

Celkem
1 2 3 4 5
Model 1% 434 43.8 44.2 44.5 44.9 220.8
81F 100 36,4 40,0 44.0 483 53,2 221.9
Mogel 1% 439 43.8 441 44.6 444 2208
81G 100 418 40,6 44.2 486 46.0 2912
Mogel 1% 437 43.8 441 44.6 44.6 220.8
81 H 100 39.9 40.4 438 487 48.7 2215
Mogel 1% 436 44.0 44.4 44.4 44.5 220.9
8.1l 10% 39.4 39,4 46,6 481 48.1 2216

Tab. 8.7 Vysledky pro Model 8.1_F, Model 8.1 G, Model 8.1 Ha Model 8.1 |Is

uvazovanim podminek pfifazovani seci

Perioda (v tis. m®)

Celkem
1 2 3 4 5
Mogel 1% 409 413 417 421 42,5 2085
81F 100 34,3 37.8 415 456 50,1 2093
Mogel | 1% 414 413 417 421 41.8 2083
81.G 100 401 38,0 418 44.7 44.1 208,7
Mogel | 1% 413 413 418 42.0 42.1 2085
81 H 100 37.6 37.7 418 46.0 46.0 209,1
Mogel | 1% 41.2 41,2 41.9 42.0 420 2083
8.1l 10% 37.3 37.3 433 455 45.6 209,0
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Z uvedenych dvou tabulek (Tab. 8.6 a Tab. 8.7) je vidét, Ze pouzity typ podminek
vyrovnanosti t€Zzeb nema vliv na celkovou tézbu za celé planovaci obdobi. Je jasné, ze
ale podminky piifazovani se¢i maji vliv na celkovou vysi tézby a tyto hodnoty jsou
zhruba o 5 % nizsi neZ v ptipad€ bez uvazovani podminek sousednosti. Znamena to
tedy, Ze tyto podminky maji omezujici vliv, ale ten neni v porovnani s celkovymi
hodnotami tak vyznamny.

Rozdily v jednotlivych variantach jsou ale ve vyslednych trendech vyvoje téZeb
po jednotlivych decenniich. Tyto trendy jsou vice znatelné v ptipadé¢ 10% maximalniho
piipustného rozdilu nez v piipadé 1% a nejsou zavislé na tom, zda jsou nebo nejsou
zohlednény podminky pfifazovani seci.

Na nésledujicim obrazku (Obr. 8.2) jsou znazornény prubchy decendlnich tézeb
pro jednotlivé modely pii 10% piipustném rozdilu bez uvazovéani podminek ptitazovani
seci.

Jak je z jednotlivych graft vidét ve vSech 4 testovanych variantich podminek
vyrovnanosti jednotlivé decendlni tézby mirn€ stoupaji. To je zapfic¢inéno
maximaliza¢ni tcelovou funkci. Vyjimkou jsou decenalni tézby Modelu 8.1_G (Obr.
8.2 b), které ,,osciluji* kolem urcité imaginarni hodnoty. Tyto trendy vyvoje t€zeb jsou
zevSeobecnit, ale zda se, Ze z hlediska dlouhodobé vyrovnanosti je nejlepsi alternativou

pravé varianta Modelu 8.1_G.
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Obr. 8.2 a) Trend vyvoj decenalnich tézeb Model 8.1_F , b) Trend vyvoj decenalnich
tézeb Model 8.1_G, ¢) Trend vyvoj decenalnich té¢zeb Model 8.1_H a d) Trend vyvoj
decenalnich tézeb Model 8.1 |
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8.2 Porovnani prostorového a neprostorového planovani mytnich téZeb

Prostorové planovani tézeb piinaSi fadu vyhod pii podpofe rozhodovéani o
umisténi a vy$i mytni tézby. Pfedevsim je to samotny aspekt prostorovosti, kdy celkova
vySe t€zby odrazi skute¢nou prostorovou strukturu LHC a jeji vySe je redlna na rozdil
od soucasnych tézebnich ukazatel. Pro splnéni dilciho cile 2 byla pouzita data
referenéniho LHC 2. Dil¢i modely a vysledky jsou prezentovany dale.

Fakt, Zze soucasné metody planovani vySe mytni tézby nedokazou zohlednit pfi
vypoétu i prostorové aspekty, vede k situaci, ze lesni hospodat nemuiize piedepsanou
téZbu v lesnich porostech umistit, a ¢asto se tak dostava do konfliktu S vlastnim cilem
naplnéni predepsaného etatu, ktery povazuje za optimalni. Druhou moznosti pak je, ze
se Vvprvnim decenniu podafi umistit cely predepsany etit mytni tézby, ale
V nésledujicich letech nebo decenniich je tézba z divodu zdkonnych pozadavkl
prifazovani se¢i nerealizovatelna. Vysledkem pak je nevyrovnanost mytnich tézeb
(Marusak, Kaspar 2014a).

Diky tomu, Ze prezentované alternativni postupy stanoveni vyse mytni tézby
zahrnuji do vypoctu i aktualni prostorovou strukturu, nabizi uzivateli oproti sou¢asnym
tézebnim procentliim i moZnost piimych grafickych vystupti ve formé téZebnich map.
Ptiklady mozného grafického zndzornéni vysledkli jsou prezentovadny na obrazcich
8.3-8.5.

Dil¢im cilem 2 bylo tedy porovnat zminénou ocekévanou disproporci mezi
naplanovanymi téZzbami klasickymi téZebnimi ukazateli a prezentovanymi modely
prostorového planovani tézeb. Naplnéni dil¢iho cile 2 bylo splnéno pfilozenou

publikaci:

Kaspar, J., Marusak, R., Sedmak, R. 2014. Spatial and non-spatial harvest scheduling
versus conventional timber indicator in over-mature forests. Lesnicky Casopis —
Forestry Journal, 60, 81-87.
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Obr. 8.3 Schematicka téZebni mapa s prostorové vyznacenymi téZebnimi zasahy
v ramci potenciilniho 1. decennia platnosti planu téZeb
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Obr. 8.4 Schematicka téZebni mapa s prostorové vyznacenymi téZebnimi zasahy
v ramci potenciilniho 2. decennia platnosti planu téZeb
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Obr. 8.5 Schematicka téZebni mapa s prostorové vyznacenymi téZebnimi zasahy
v ramci potenciilniho 3. decennia platnosti planu téZeb
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Abstract

This paper presents two alternative approaches of final cut scheduling for a fifty year strategic planning horizon. One approach is repre-
sented by cutting percentage, whichis a classical timber indicator commonly used in the Czech and Slovak Republics. The second approach
isrepresented by two optimisation models of integer programming; the first model without spatial aspect and the second model including
adjacency constraints. Both optimisation models are derived for the clear cut management system with the scheduling approaches applied
on an example of a forest management area with over-mature stands.

The main aim of the paper is to compare two suggested optimisation models with the classical scheduling approach and to demonstrate
their positive effect on the age class distribution of forests. The further aim is to include green-up constraints in the scheduling, which
respect legislative conditions. The results show that even in the case of a single management system, without considering different eco-
system services, the optimisation model that does not consider the spatial aspect gives comparable results to the approach that r includes
the adjacency constraints. The primary hypothesis, that the regular age-class distribution and flow harvesting cannot be achieved when
considering green-up constraints, was rejected.

Keywords: harvest scheduling; integer programming; age-class distribution; adjacency constraints

Abstrakt

Prace prezentuje dva alternativni pristupy k planovani mytnich tézeb v ramci 50 letého strategického planovaciho horizontu. Jeden pristup
jereprezentovan klasickym tézebnim ukazatelem, téZebni procento, ktery je bézné pouzivany v Ceské a Slovenské republice. Druhy piistup
je reprezentovan dvéma optimaliza¢nimi celo¢iselnymi modely; prvni model je bez prostorového aspektu, druhy pak zahrnuje vztahy
omezeni sousednosti. Oba dva optimaliza¢ni modely jsou odvozeny pro holoseény hospodarsky zptisob. Alternativni pristupy planovani
téZeb jsou aplikovany na prikladu lesniho hospodarského celku s prevahou prestarlych porosta.

Hlavni cil prace je porovnat navrzené optimaliza¢ni modely s klasickym postupem planovani mytni téZeb a demonstrovat pozitivni vliv
navrzenych téZeb témito modely na vé€kovou strukturu lesa. DalSim cilem je zahrnout do modelu zakonna omezenivzajemného prirazovani
holych seéi. Vysledky ukazuji, Ze i v piipadé jednoduchého hospodaiského zptisobu bez zahrnuti riznych ekosystémovych sluzeb, poskytuje
optimaliza¢nimodel bez prostorového hlediska srovnatelné vysledky smodelem, ktery tato hlediska zahrnuje. Primarni hypotéza, Ze nemiize
byt dosazeno normalni vékové struktury a té€Zebni vyrovnanosti i v pripadé pouziti omezeni tykajici se prifazovani se¢i, byla zamitnuta.
Klicova slova: tézebni planovani; celociselné programovani; vékova struktura; omezeni sousednosti

ation and react accordingly by changing their management
approach.

A further challenge for forest management is to con-
sider the potential consequences of climate change. The
Intergovernmental Panel on Climate Change (IPCC WG
I12007) predicts that changing climate in Europe is likely
to increase the frequency of large wind-throws, both from

1. Introduction

Forest management and in particular, harvest scheduling has
been influenced by two decades of socio-economic, political
and natural changes in central Europe. Following political
changesin 1989, forest privatisation caused changes in for-
est ownership with the state sector now owning only 59.8%

of the forest areain the Czech Republic (Green Report 2012).
This forest fragmentation has reduced the average size of the
forest management area (FMA) since 1989.

The second driver of forest management is related to
shifting public preferences (Sigak 2011) and especially the
management of non-productive forest functions, such as
recreational and hygienic functions. Forest managers have
to take these non-productive forest functions into consider-

increased storm frequency and increased water stress, while
at the same time decreasing the average defence capability
of the remaining trees through spring temperature back-
lashes and summer water stress (Schlyter et al. 2006). For
instance, abiotic disturbance agents such as wind, snow etc.,
caused 65% of salvage felling in the Slovak Republic between
the years 2002-2006 (Konopka & Kondpka 2008). Open
areas in forests such as clear cuts, affect the wind speed.
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The effect of forest fragmentation, which can be caused by
clear cut management system, was studied by Zeng et al.
(2009). The authors concluded that forest fragmentation
may increase the susceptibility of forest stands to wind
damage. New approaches to harvest scheduling manage-
ment are needed especially in the areas with a high risk of
wind damage (Kondpka & Kondpka 2009). Konoshima et
al. (2011) present one kind of harvest scheduling approach
based on integer programming. Finally, from the ecological
point of view and also due to the above-stated reasons, there
is legislation determining the localisation of two clear cuts
performed at the same time, their maximum size and width.
These requirements vary between countries and are highly
dependent on the relevant laws.

At present there is one timber harvesting indicator for
small forest management areas (less than 500 hectares)
implemented in the Czech legislation. This expresses the
maximum possible final cut and is known as the cutting per-
centage (hereafter referred to as CP). The indicator comes
from the normal forest as described in Bettinger et al. (2009).
However, a regulated forest with a balanced and regulated
age-class distribution is not only difficult to achieve, but also
undesirable for forest stability (Priesol & Polak 1991). In
addition, the CP indicator is static, incorporating planning
for one decade only, without the option to account for har-
vesting possibilities over a longer time period and does not
consider the spatial possibilities of harvesting. This results
in strongly uneven decadal harvests for the whole forest
management area (FMA) from the view of strategic future
harvest planning.

Forthe reasons mentioned, there is an increasing need to
analyse the development of spatial structure because without
the spatial aspect, it isimpossible to maintain environmental,
social and other aspects of forest management (Baskent &
Keles 2005.

Methods of operational research in conjunction with
modern information technology and geographic informa-
tion systems (GIS) can be used to create a new type of forest
management plans. What makes spatial forest-management
plans different from conventional plans is the proposal of
size, shape and position of forest harvest units in the forest
management area.

Simple linear programming models for harvest sche-
duling without spatial aspects with varying constraints are
presented in many papers and textbooks (e.g. Bettinger et
al. 2009; Buongiorno & Gilles 2003). However, there are
no obvious comparisons of timber indicators which are used
in the conditions of central Europe, especially in the Czech
Republic and Slovakia. Research works aimed on harvest
scheduling optimisation are rare in this region. Marusak
(2007) compared different classical timber indicators used
in Slovakia with the spatial linear model of harvest schedu-
ling. Unfortunately, the author does not compare his spa-
tial models with relevant non-spatial models; therefore, the
importance of the spatial aspect for harvest scheduling is
not obvious in this case. Kouba & Zahradnik (2004) pre-
sent another example of using linear programming model
to obtain the information on the target age class distribution.

The aim of this paper is to present the impact of adjacency
constraints on harvest possibilities in a real management
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forest area with undesirable age-class distribution. The sug-
gested scheduling approach is presented in a clear cut man-
agement system. Only one type of adjacency constraints was
used, so called green-up constraints (Buongiorno & Gilles
2003) because this is the basic spatial requirement defined
by the forestry act. The primary hypothesis is that the regu-
lar age class distribution and harvesting balance cannot be
achieved when considering green-up constraints.

2. Material and methods

The proposed approachesin strategic management planning
were applied to a FMA of 178 ha (Fig. 1) located in Cen-
tral Bohemia within Nature forest area No. 9 (according
to forestry act), 60 kilometres west from Prague. Bedrock
consists of sandstone, siltstone and claystone. The domina-
ting soil is sandy-loam Cambisol. Spruce is a dominant tree
species, its average site index is 28. As it is a private FMA,
more detailed information cannot be provided to follow user
rights. This FMA has a non-regulated age-class distribution
with a high proportion of over-mature forest age classes (Fig.
2.).Ageclass span 10-year intervals (e.g. age class 1 consists
of forest stands aged from 1 to 10 years, age class 2 consists
of forest stands aged from 11 to 20 years etc.).

The planned strategic horizon of 50 years was divided
into five 10-year-long intervals. Species composition of the
forest stands has been simplified to one species (Norway
spruce) only. To predict the growing stock, the growth model
from the Czech yield tables was used (Cerny et al. 1996).

The maps from the forest management plan were digi-
tised and analysed in ArcGIS (ESRI 2014). All forests of the
FMA that arein the cutting age or will reach the cutting age in
the next 50 years were selected. For this purpose, the rotation
age of 110 years and the regeneration age of 30 years were
used for the entire FMA. There are 4 mature age classes for
the combination of regeneration age (30 years) and rotation
(110 years) in each planning period; 10%, 11%, 12 and 13
age classes are mature. Other older age classes are assigned
as over-mature. The selected stands of the FMA were then
divided into potential harvest units by the editing tools in
ArcMap. When editing these units, wind direction, slope and
existing logging roads were taken into account. Further, it
was important to consider the legislative parameters for
clear-cuts, primarily the maximum width equal to two mean
heights of the surrounding stand with the maximum area of
aclear-cut up to 1 hectare.

young stands (<80 years old)
- mature stands (=>80 years old)

A 0 025 05 1Km
L L I I | 1 I |

Fig. 1. The spatial structure of the forest management area.
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Fig. 2. The actual age structure of the forest management area.

Two.optlmlsatlon.models; one with anq one w1th9ut Mx<A where [5]
the spatial aspect, which represent alternative scheduling r
approaches, were developed. The first model is labelled as M=A+B [6]
SPATIAL and incfludes the green-up constraints. The sec- where A ... adjacency matrix
ond tested modelis labelled as NON-SPATIAL and does not B ... diagonal matrix in which the ith diagonal ele-

include any green-up (adjacency) constraints. Both optimi-
sation models are the extensions of the model proposed by
Kaspar et al. (2013).

Aforest management area consists of harvestunits,each
one with the homogenous structure indexed by of mature
and over-mature age classes k. As this is a unit restricted
model (Crowe et al. 2003), each binary variable in the model
represents one proposed harvest unit designed for cutting or
not over the P period.

Binary variables x are indexed by the harvest unit identi-
fier;i=1,...,I periodp=1,...,Pandageclassk=1, ..., K.

s [1]
One of these constraints is that each unit can be cut just once
per planned period. It can be generalised as:

1if the unitiof age class k will be cut in period p
0in other cases

P
wak <1 Vi=12,.,n [2]

p=1

where n is the number of harvest units.
The harvest flow across the planning horizon is a neces-
sary condition of harvest scheduling. This can be ensured by:

0.9V, <V, <1054, [3]

where Vpis the total harvest in period p. The condition of
the harvested area flow in the each planning period can be
expressed as:

0.95A,<A <1.05A, [4]

where A is the area of theoretical clearing defined by the
model of regulated forest andAp isharvested area in period p.

The conditions that originate in the spatial relations
between the harvest units can be set down using an analytic
algorithm (Yoshimoto & Brodie 1994):

ment b, is defined by b, =A 1
(A, is i-th row vector of adjacency matrix A)

M ... modified adjacency matrix
x ... controlvector for control variablesx,
1 ... isan(nx 1) unitvector

The last set of conditions is used only in the case of the
SPATIAL model. Finally, all harvest units cannot be harves-
ted in each period. It depends on the regeneration age and
rotation.

The objective function is the same for both SPATIAL and
NON-SPATIAL optimisation models and is defined as:

K n_ P
k=

maxV = Z W, Z z V,ﬂ,( Xk [7]

e=1 i=l p=1

where Vis the total amount of final cut over five decades and
w,is the weight of k-th age class. Vl.pk isthe standing volumein
harvest unit i in period p of age class k, n is the total number
of potential harvest units in the FMA.

The weight for each mature and over mature class was
defined: w, (for the 10" age class) is 0.15; w, (for the 11" age
class)is0.3;w, (12" ageclass) is 0.55;and w, (13" age class)
is 1. All other over-mature age classes are represented by wei-
ghtw_setto thevalue of 2. All of these values are set by expert
estimation reflecting harvest preference of older mature and
over-mature age classes. The total number of variables was
approximately 1,400 and the number of constraints 1430.
The problem was formulated as a classical *.Ip file and solved
by Gurobi 5.5.0 (Gurobi Optimization 2014). The problem
was solved using a branch and bound algorithm which is
a standard algorithm for solving mixed integer problems.

Finally, one further scheduling approach was used. It
is the cutting percentage as described by (Priesol & Polak
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1991) and represents the classical harvest scheduling and
planning in the Czech and Slovak Republics.

The index of compliance I, (8, 9) and the overmature
age class arearatio I, (10) (Marusak 2005) were calculated
for each period and each scheduling approach to enable the
objective valuation of age class distribution changes.

n

2 lal
b1 2 [8]
4,,=IP=P [+XP, (9]
where P . realarea of mature and over-mature age clas-
ses
P, ... regulated area of mature and over-mature
age classes
J ... mature or over-mature age class with the
lowest real area
k ... mature or over-mature age class with the lar-
ger area than age classj
A ... maximum difference
max
PPS
ls="p" [10]
where P . area of FMA
P area of over-mature age classes

The index of compliance obtains values from 0 to 1. Abso-
lute age-class compliance within a model of regulated forest
resulted to value 1.

3. Results and discussion

The resulting scheduled harvest of SPATIAL and NON-
-SPATIALvariants are comparable from the view of total har-
vested amount, harvested area, index of compliance and the
over-mature age class area ratio (Table 1, 2). The harvested
area of both models is the same for each period and is in the
upper limit of the relevant constraint. There is a slight diffe-
rence in the total harvested volume of 112 m?. The difference
in harvest volume for each period of SPATIAL and NON-
-SPATIAL variants is negligible and corresponds with the
conditions of harvest balance across the planning horizon.

The results are different in the case of the CP scheduling
approach based on the normal forest assumption, which is
reflected in the results. However, these results are valid only
if the initial age class distribution isideal or close to the ideal
normal age class distribution; otherwise, the results are not
ideal for non-normal forest and the other scheduling appro-
aches are more relevant. The total harvested volume for the
CPapproachisover 20,000 m3 higher than for the SPATIAL
and NON-SPATIAL models, but the harvested volume pro-
ductionisnot stable in the CP approach and is reduced across
the planning horizon (Table 1). The total cut achieved by
the alternative scheduling approaches is not much different
from the CP scheduling approach presented in the paper by
Marusak (2007). However, the harvested volume production
is also not stable in the CP scheduling approach.

The resulting values of index of compliance IZHr and the
over-mature age class arearatio IPS calculated at the begin-
ning of planning periods for each scheduling approach are
presented in Table 2 as the suggested harvested volume is
also known for the fifth period. The resulting age class dis-
tribution after five periods of harvesting for the SPATIAL,
NON-SPATIAL and CP approaches are shown in Figures
3,4 and 5.

The value of IPS after five periods of harvesting is very
good in the case of the CP approach. The value of 0.00 indi-
cates that there are no over-mature age classes. In the other
two approaches, SPATIAL and NON-SPATIAL optimisa-
tion models, this value is 0.11 meaning that 11% of the total
area consists of over-mature classes.

The index of compliance (/,,,,) is 0.65 for both SPATIAL
and NON-SPATIAL variants. The index of compliance for
theinitial state of age class distributionis 0.35, which means
that the value of this index improved after five periods. The
resulting age class distribution of the SPATIAL and NON-
-SPATIAL optimisation models is close to the ideal model
of normal forest, much closer than the resulting age-class
distribution of the CP approach. The final value of IZHr in
the case of the CP approach is 0.18, i.e. worse than 0.35 of
the initial age class distribution of the regulated forest model.

The original theory is that normal forests were develo-
pedto ensure sustainable and balanced harvesting. However,

Table 1. The resulting harvested volume and area for the three alternative models.

Scheduling approach Period [years] 1-10 11-20 21-30 31-40 41-50 Total
SPATIAL harvested volume [m?] 16056 16421 16427 16378 16676 81958
harvested area [ha] 17.8 17.8 17.8 17.8 17.8 89.0
harvested volume [m®] 16282 16340 16297 16379 16770 82068
NON-SPATIAL harvested area [ha] 17.8 17.8 17.8 17.8 17.8 89.0
cp harvested volume [m®] 80069 8836 4122 4349 5266 102642
harvested area [ha] 94.9 12.8 83 8.6 8.6 133.3
Table 2. The resulting index of compliance I, and the overmature age class arearatio /.
Scheduling approach SPATIAL NON-SPATIAL CP
Period (years) L, L L, L L. L
1-10 0.35 0.09 0.35 0.09 0.35 0.09
11-20 0.27 0.13 0.27 0.12 0.48 0.00
21-30 0.64 0.17 0.64 0.17 0.13 0.00
31-40 0.63 0.20 0.63 0.20 0.23 0.00
41-50 0.79 0.17 0.79 0.17 0.30 0.00
51-60 0.65 0.11 0.65 0.11 0.18 0.00
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Fig. 3. The resulting age structure using SPATIAL model.
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timber indicators derived from this theory do not provide
accurate results under changed political social and environ-
mental conditions. This statement is based on the resulting
age class distribution achieved by applying cutting percen-
tage (Fig. 5). However, there are no over-mature age classes
inthe CP model due to the enormous harvested volume in the
first planning period (80,068 m?®/ 94.9 ha). This indicates
that early harvest intervention has an important effect on
future harvest potential. An extensive area of just one age
class is inappropriate from the perspective of forest protec-
tion and nature protection as well as biodiversity conserva-
tion.

The results achieved by SPATIAL and NON-SPATIAL
models are comparable in the resulting age-class distribu-
tion. There is only a slight difference in the distribution of
the harvested area in the last three age classes: 15, 16" and
17™ (Fig 3. and Fig 4.).

Adjacency constraints in harvest scheduling approaches
prevent adjacent management units from being scheduled
for harvest within a given period and have practical impor-
tance of legal restrictions (McDill et al. 2002). However,
harvest scheduling optimisation models with adjacency
constraints are difficult to solve. It was expected by the rese-
arch team that appropriate resulting age-class distribution
cannot be achieved or alternatively the model run would be
time-consuming in the case of the SPATIAL model because
the parameters of adjacency are quite strict for model of the
proposed harvest. The age-class distribution of the forest is
one of the most important factors determining the solvabi-
lity of scheduling problems with adjacency constraints. The
impact of adjacency constraints on the different initial age-
-class distribution was studied by (McDill & Braze 2000).
This problem can be worse in the case of over-mature or old-
-growth forests because a large number of harvests which
would otherwise be scheduled would not be identified by the
adjacency constraints. However, the presented results show
thata good age-class distribution can be achieved, evenin the
case of the SPATIAL model when considering the mandatory
adjacency constraints.

4. Conclusions

This paper presents modern scheduling approaches in
comparison to a classical scheduling approach represented
by cutting percentage. The volume of final cuts, when cal-
culated by the current harvesting indicators, reflects only
the current area or the volume of the cutting age classes. No
information about age-class distribution or potential cuts
on the evolution of the age-class distribution is taken into
account. Current harvesting indicators apply to the normal
forest only, which may be suitable for large areas of several
thousands of hectares; however, in small forest areas, there is
a growing probability that the age-class distribution is unba-
lanced due to which harvesting indicators lose their validity.

Furthermore, it seems that green-up constraints do not
affect the harvest potential and that the age-class distribution
is as expected. The primary hypothesis defined above could
not be confirmed for the normal age-class distribution and
harvest balance accounting for green-up constraints. The
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results can be considered basic for the inclusion of other
adjacency constraints, such as nature reserve or recreatio-
nal function of the forest, further added to mandatory adja-
cency constraints into the scheduling approach. Adjacency
constraints are also important in the case of forest protec-
tion. However, this type of constraints must include special
requirements such as creating of cutting segments that are
protected against wind damage. The creation of a scheduling
approach considering constraints mentioned above, would
be an interesting extension of this paper. This type of a har-
vest scheduling problem has to be solved at a larger FMA
because of the decreasing edge effect.

According to the achieved results, the use of these
methods for optimisation of harvest planning does not only
appear to be acceptable, but it also seems that in the context
of the forests of the Czech Republic, it fits even better than
the use of the classical harvesting indicators.
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8.3 Vyvoj modelii prostorového plinovani téZzeb zahrnujici i plnéni

environmentalnich funkci lesnich ekosystémi

V celé Evropé se V poslednich dvou desetiletich vice nez dfive dostavaji do
popfedi i jiné mimo-produkéni funkce lesa, piedevsim ty prirodo-ochranné. Preferuji se
ptirod¢ blizké zpisoby hospodateni, ponechavaji se jednotlivé stromy, ale i ¢asti
porostii a hospodarskych celki jako bezzasahové zony a lesy jsou ¢im dal tim vice
vyuzivany i pro svoji vyznamnou rekreacni a hygienickou funkci.

Zaroven ale se do poptedi stavi tzv. vzducho-ochrannd funkce neboli také
segregani funkce lesnich ekosystému. Lesni ekosystémy jsou totiz vyznamnymi
»pohlcovaci® oxidu uhli¢itého z ovzdusi, ktery je diky procesiim fotosyntézy skladovan
Vv pletivech stromt. V ptipadé ale, Ze se strom nebo cast lesa ponechda samovolnému
vyvoji az do faze rozpadu a odumieni dfevni hmoty, pak se veSkery tento oxid uhlicity
uvolni zpatky do atmosféry. Vychodiskem je tedy tézba diivi a zpracovani vytézené
hmoty jako naptiklad stavebniho nebo truhlatského feziva.

Lesni hospodat je tedy v soucasnosti postaven pred dva protichiidné cile.
Soucasné tézebni ukazatelé jSou ovSem postaveny pouze na produkéni funkei lesnich
ekosystémil. Reseni je pak v praxi hledano na zakladé zkuSenosti lesniho hospodate.
Jestli je toto feSeni ale skuteéné optimalni z obou hledisek, nemize nikdo nikdy védét.
Prostfedkem pro nalezeni exaktniho kompromisniho feSeni pak mohou byt praveé
zminéné metody a navrzeni takovych moznych modeld prostorového planovani bylo
dil¢im cilem 3. Pro splnéni dil¢iho cile byla pouzita data referen¢nich LHC 1 a 2. Dil¢i
modely a vysledky jsou prezentovany dale. Naplnéni dil¢iho cile 3 bylo splnéno
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Abstract: Forest harvest planning to maximize economic benefits also has to consider
additional criteria such as the biodiversity functioning of the managed forest. The biodiversity
requirements are determined by the size, shape, and distribution of harvest units and forest
stands. A multiple criteria approach is presented where the harvesting volume is maximized
while the environmental aspects are also considered. Multiple criteria programming and
integer programming techniques are used to find an optimal program of forest harvesting
with respect to both economic and environmental requirements. The practicality of the model
is shown in a case study for one particular forest management unit. Different optimal solutions
are calculated depending on changes made to the criteria weights. This model includes strict
spatial constraints, multiple objective functions with three objectives, and alternative solutions
according to the real manager’s priority. The results show that the spatial pattern and other
spatial demands affect the harvest possibilities. It was confirmed that a compromise solution
from both forest management and nature conservation could be achieved using the presented
harvest scheduling approach.

Keywords: spatial harvest scheduling; multiple criteria; integer programming; optimization
model; ecosystem services
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1. Introduction

European foresters emphasized the notion of forest organization to produce an even flow of timber
as early as the 18th century [1]. Since then, a number of different methods have been developed for this
purpose. The best known method is the concept of an ideal normal, even-aged forest [2]. However, its
application in practice forestry is problematic as real even-aged structure is difficult to achieve [2—4].
Nevertheless, the timber indicators used in many countries in central Europe are derived from the concept
of the normal even-aged forest. Furthermore, there are many spatial restrictions for harvesting in the
central Europe such as maximum area and the width of clear cut and green-up constraints. These cause
the spatial structure to be complicated and scheduling becomes relatively difficult.

Forest ecosystems perform multiple functions and provide a number of variety ecosystem services.
Traditionally, forests have a threefold value; economic, social, and environmental. In the case of forest
management for production, it is not possible to comply with all the functions of forest ecosystems.
Multiple-use forestry is based on the idea that forests can provide value through additional functions.
Modern forestry has to find and field test new harvest scheduling methods, which reflect the new
management and nature conditions. A number of different models for harvest scheduling have been
developed, and many different techniques have been used [2,5-9]. Many papers have focused on limiting
the maximum harvest opening size and adjacency constraints [10—14]. However, a consequence of this
approach is that old forests are fragmented into isolated patches [15].

Many multiple-use forestry objectives such as biodiversity, one of the main ecosystem services, are
affected by spatial structure, which can be included in harvest scheduling models via spatial
constraints [16]. For this reason, these types of models are part of the endogenous approach [17]. The
optimization algorithms of the endogenous approach include spatial information and a very large number
of spatial constraints. Spatial harvest scheduling models and methods based on the endogenous
approach, have been broadly developed and tested [15,16,18-20].

Many birds and mammal species may benefit from spatial homogeneity within stands. Numerous animal
species need young forest stands for nesting [21] and old forest for migration [22]. There are studies
which deal with the creation of suitable wildlife habitats for different animal species. Some of these
studies have used the concept of core area [23,24]. Alternatively, other studies deal with the problem of
reserve design [25-27].

In addition to homogeneity, the shape of wildlife habitats is also an important factor. The main important
aspect of shape is the edge-effect. The edge is where two ecosystems come together [21]. The
edge-effect can be created by human activities, such as clear cuts to create a buffer zone around a core
area. The main idea is to minimize the edge-effect through creating the smallest outside perimeter of the
reserve area in comparison with the total area.

The objectives of the defined harvest scheduling problem can be reached by means of mathematical
programming. The nature of these objectives makes them mutually contradictory. A compromise solution
to this multi-objective programming problem needs to be found. An aggregation of objective functions
is accomplished as described, e.g., by [28,29]. Before the aggregation of objective functions is accomplished,
it is necessary to determine the importance of each function from the point of view of the decision
makers. The importance is expressed by setting up weights for each objective function. The weights can
be determined using Saaty’s method [30].
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This paper has three scopes. First, the paper presents the harvest scheduling problem for multiple-use
forestry under the conditions of central Europe’s managed forests and a suitable optimization model is
developed to take into account the necessary spatial constraints. The aim is to identify a harvesting
schedule in which the amount of timber can be maximized while an identified overmature reserve area
remains intact with a minimum amount of timber available. Furthermore, the shape of the overmature
reserve areas are important because of the edge-effect. The length of perimeter of an overmature reserve
has to be minimized for this reason. The problem is described with three objective functions: to maximize
the harvested amount, to minimize the perimeter of the overmature reserve area, and to minimize the
wood amount available in overmature reserve areas. Secondly, the paper presents a series of problems
that must be identified and solved by managers prior to the model being applied under real conditions.
The third scope of the paper is to compare the multiple-use scheduling problem described with other
problems developed for harvesting maximization. The purpose of the second and third scope is to show
the consequences of a suggested model when it is applied under real forest conditions for central Europe
and show that it is possible to find a compromise solution between nature conservation and forest
management. The presented model is designed generally without wildlife species specifications and the
manager can choose the required overmature reserve area according to a particular situation.

2. Material and Methods

The general aim of optimization is to provide a harvesting schedule that would maximize the volume
of harvested wood over the entire planning horizon. Several conditions have to be fulfilled to comply
with the requirements derived from either the laws or established principles of harvest scheduling.

First, in every forest management area (FMA), a certain percentage of the entire FMA has to remain
unharvested to create an overmature reserve area. This area serves as a habitat for local wildlife to sustain
environmental stability in the forest. Here, and after for the model purpose, the overmature reserve is
referred to as not harvested area. Second, it is important that the shape of this area is neither oblong nor
too narrow. Such shapes would not allow proper habitation of the area by wildlife. The ideal shape is
considered to be a circle or circle-like. The last condition is outlined to ensure a harvest flow in the entire
FMA in terms of the age of trees. In the follow-up test, the harvested amount of timber is relative to the
final harvest, thinning is not considered here.

2.1. Construction of the Model
2.1.1. Variables and Parameters

Let us have a forest management area consisting of I patches, each one with the homogenous structure
index i = 1, ... 1, to be harvested or not harvested over P periods indexed as p = 1, ..., P. In addition, let
J be the set of all contiguous units i, j.

Then:

Xip 1s a binary variable with two states of the unit i:

(M

{1 if the unit i is harvested in the period p
0 otherwise
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Yip 18 a binary variable with two states of the unit i:

1 ifthe uniti is not harvested in the period p
{O otherwise )
Z;jp 1s a binary variable with two states of the contiguous units i and j:
{1 if the neighbouring units i and j are both not harvested in the period p 3
0 otherwise 3)

Next, let us introduce the following parameters:
q; 1s the perimeter of the unit i

1; is the area of the unit i
s;j is the border length between two contiguous units i and j

Vjp 18 the volume of the wood in the unit i in the period p
And the following constant parameters:
P is the number of 10-year cutting periods
R is the total area of the FMA
a is the fractional difference permitted in the harvest level between two consequential periods p
A is the specified percentage of the total area R that has to remain standing at the end of all

cutting periods.
2.1.2. Model Constraints

Using the variables and constant parameters defined above, the constraints of the mathematical
programming problem are constructed. Over the P periods, every unit can be either harvested in one
period p or left alone in all periods. Over the P periods, the unit can be harvested only once. This is ensured

P P
prip+zyipSP,Vi=1,...,1 @
p=1 p=1

A harvest volume is allowed to increase or decrease by o from one period to the next as described
in this study [16]. This can be expressed by the set of conditions regarding every pair of two

by the set of conditions:

consequential periods:

(1 + Of) z Vip Xip < z Vip+DXi(p+1) ,Vp=1,..,P &)
1
1-a) 2 Vip-1)Xi(p-1) = z Vip Xip, VP =1, ..., P (6)
i=1 i=1

A certain not harvested area has to remain in the FMA. The required area is determined by the given

coefficient A and is secured by the following set of conditions:
I

Zrl-yip > AR, Vp=1,..,P 7
i=1

The coefficient A was in the case study set the same for all planning periods.
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There is an obvious relationship between two variable classes, y and z, as both of them express in

two different ways a situation when a unit is not harvested, the relations between these two variable
classes have to be defined. Apparently, if the variables y;;,, = 1 and yj,, = 1 (meaning both neighbouring

units { and j are not harvested in the period p), then z;;, = 1 as well (because z;;, describes the
not-harvesting of the pair of two neighboring units i and j in the period p). Actually, 23 combinations
of 0/1 states of the variables y;,, y;p and z;;, can possibly occur. To ensure that the relations between

the y and z variables make sense, it is necessary to define the following pair of conditions:
Yip + Yip — ZZijp = Oyip + Yip — Zijp <1 (8)

Having these two conditions in the model makes sure that no logical contradictions occur in the
interpretation of the results.

The final condition to be added to the model concerns the adjacency of the harvested units. To fulfil
the silvicultural limits, no adjacent units can be harvested in the same period p. For this purpose, the
algorithm proposed by [31] is used. The algorithm uses an (n X n) adjacency matrix A and a control
vector X consisting of binary variables X; for the i-th unit of the total n units. In addition, there is an
(n X 1) unit vector U and a diagonal matrix B with diagonal elements; b;; = A;U; A; is the row vector
of the adjacency matrix A. Considering these relations, the following set of constraints is defined:

BX + AX < Al (9)

Adding these constraints into the mathematical programming model will ensure there are no two
adjacent units harvested in any one period. To determine the adjacent cutting units for cutting unit i, the
definition of Moore’s neighborhood adjacency was used [32].

2.1.3. Objective Functions

Let us define three objective functions that have to be fulfilled according to the silvicultural requirements
for this particular case of harvesting. The main economic interest is to maximize the total volume cut

from the units i € I over the periods; p € P. The objective function is expressed as:
1

P
maximize Z Z VipXip (10)

p=1i=1

The silvicultural limits for the not harvested area are expressed with the help of one of the constraints.
At least a given percentage of the total area must remain not harvested. However, the volume of the trees
standing in this area is not a decisive factor. There is then a tendency not to harvest such units with the
smallest possible volume of wood standing in there. This is assured by the following objective function:

P I
minimize z z VipYip (11)
p=1i=1

The previous objective function ensures that the units with the smallest possible volume of wood in
the not harvested area are chosen in the optimal solution. This would cause a selection of separate units
across the entire FMA. The not harvested area, however, must make one continuous area. This area should
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ideally have a circle-like shape. The formulation of the outside perimeter is based on the model by [16].
The last objective function, concerning the shape of the not harvested area, is defined as:
P [ 1
minimize Z qiYip — Z 25iiZijp (12)
p=1 \i=1 L,j€EJ

where j > i to ensure that only one neighbouring pair of units is counted. The idea of the last objective
function is to find such a shape of a group of not harvested units with the minimal outside perimeter.
The outside perimeter of two forest stands is the sum of the perimeters of both forest stands minus twice
the length of the edge that is shared by them [16]. The total outside perimeter of any number of forest
stands can be calculated by this approach. The length of the border of every two neighboring units must
be excluded from the perimeter, as is done in the second part of the objective function.

2.1.4. Objective Function Aggregation

As there are three partial objective functions, their aggregation is needed to compute the model of
mathematical programming. The standard additive function aggregation with weights is used, with different
weights for each function because these objective functions are not equal from the decision maker’s
point of view. Let there be weights w;, w, and ws for the first, second, and third objective functions,
respectively (weight determination is discussed in the next paragraph); then, it is possible to define one
single maximization objective function:

P I P I P I
maxq wp Z Z VipXip — W2 Z Z VipYip — W3 Z qiYip — Z 25iiZijp (13)
p:l i=1 1

p=1 i=1 p=1 i= i,jE]

Units used in the separate objective functions have to be normalized to be computed via the one
aggregated objective function:
y _ VYip o, qdi ;o Sij
L % - Ya +225ijSij 22 qi + X 2si)) (14)

The real variables vy, q; and s;; have to be substituted into the aggregate objective function by the

v

normalized values using these formulae (the final form of the aggregate function after substitution is not
shown to preserve the formula clarity).The suggested model will be denoted as the MultiCrit model for
future reference, as it takes into consideration multiple criteria.

Comparison to a similar model that only maximizes the harvested volume is also presented. This
model works with only the harvest maximization criterion Equation (7). Additionally, there are the same
adjacency constraints Equation (6) and the constraints regarding harvest flow over all periods (2, 3).
The area not-harvesting constraints and objective functions are not included. The purpose of the
comparison is to show how the forest protection aspects influence the optimal harvesting plan and the
difference between the harvested amounts. This model will be denoted as the MaxHar model because
the harvest maximization is the only criterion of optimality.
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2.2. Case Study

The proposed optimization model, including a consideration of fragmentation in short-term planning,
was applied to 178 ha FMA divided into 363 harvest units, i.e., / was set to 363 (Figure 1). The final cut
was planned for this particular FMA for the next 30 years, divided into three planning periods, i.e., P
was set to three. This corresponds with the traditional time scale when planning final cuts in current
forest management plans.

- Harwest units (mature forest stands >= 80
years)

[ Young forest stands (<B0 years)

A 0 500 1000 2000 Meters

Figure 1. The forest management area and edited harvest units.

Real data on Norway spruce (standing volume) was used. To predict the growing stock, a growth
model based on the Czech yield tables was used [33].

In the next step, maps from the forest management plan were digitized to shapefiles and then analyzed
in the ArcMap geographical information system. All parts of the FMA that were currently of cutting age,
or would be within the next 30 years, were chosen. These parts of the FMA were then divided into
potential cutting units by the editing tools in ArcMap. When editing these units, wind direction, slope,
and existing logging roads were taken into account. On the other hand, it was important to consider also
the legislative parameters for clear-cuts. This means primarily the maximum width, which equals two
mean heights of the surrounding stand, and the maximum area of a clear-cut, which is one hectare.

It is not possible to determine the weights of the objective functions randomly and a proper way of
subjective evaluation of the weights is sought. It is necessary to derive the weights in the proper manner
because the importance of the functions is not equivalent. An expert opinion is needed to derive these
weights. A questionnaire survey was used for this purpose. Weight values were obtained by questioning
21 experts from the field of forestry. This group consisted of experts representing obvious opinion polarities
in the researched situation. There are experts who favor the economic benefits of forest management
and, thus, the harvested volume maximization. However, there are also experts who prioritize the
environmental aspects of forest management, favoring forest protection and growth preservation.
Three expert groups were created by polarity in the researched situation for our purpose.
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The opinions of the experts were obtained using questionnaire building on AHP. The task was to
express their preference on a given scale for every pair of criteria (combinations of harvesting, protection
and trees left standing) using their subjective point of view.

The collected data for each expert were transformed into the pairwise comparison matrix as defined
by [34], and, using this matrix, the criteria weights w; ., w, ¢, w3 for all experts € = 1, ..., e were calculated.
At the same time, the consistency of Saaty’s matrix was tested. The consistency expresses the opinion
consistency of the experts. If the consistency index reached a value over 0.1, the data was not included
in the final weight determination. The final weights used in this model are then aggregations of the
weights of each expert. The experts’ weights are aggregated considering the equal importance of each expert.
The aggregation is performed via the following formulae:

e e e
1 e ’ 2 e ’ 3 e
e=1 =1 e=1

Further, the different variants of harvest flow (a = 0.1, 0.2 and 0.3) have been calculated between

periods and for a minimum size of the not harvested area of mature stands (A = 0.05, 0.1 and 0.15,
indicating 5.5, 11.0 or 16.5 hectares, respectively) for each period for each group.
Finally, the degree of fragmentation is calculated for each weighting combination. For this purpose,

the so-called Shape Index can be used [15,35,36].
Perimeter

N Vareasn 16)

The problem was solved using a branch and bound algorithm, which is a standard algorithm for

solving mixed integer problems. The problem was formulated as a Gurobi LP format file and solved by
Gurobi 5.5.0. A convergence of 0.01% was used.

3. Results

The stated problem was solved for five different weighting combinations. The sets of weights were
divided into four groups: A—Production oriented, consisting of experts preferring criteria 1, i.e., the
maximization of the total cut; B-Not-harvested volume oriented, consisting of experts who prefer criteria
2, i.e., minimization of the stand volume in the not-harvested stands; C—Perimeter oriented, consisting
of experts who prefer criteria 3, i.e., the minimization of the total perimeter of the not harvested area; and
D-the neutral group, consisted of those experts with a neutral stance to the criteria. Additionally, the
aggregate weights for all experts were used for calculations of a group called “All”. Five combinations were
studied in total. For the particular weights and groups see Table 1. The total harvested volume, the total
perimeter of not harvested area, the total area of not harvested area and the total stand volume in not
harvested area in the 1st period are presented (Table 2).

There are 45 graphical and numerical results altogether. For this reason, only the results for groups
A, B and C are presented below as they represent extreme situations. The graphical results for different
groups (A—C) for a not harvested area of 5% the total size and a harvest flow of 10% are presented
(Figure 2a—c). The graphical results support the achievement of the final shape indices of all groups. Most
harvest units are aggregated for protection in the case of group C. By contrast, worse results of aggregation
are provided by groups A and B. The differences between each group are easier to see in the cases of
10% and 15% not harvested area sizes (Figures 3 and 4).
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Table 1. The different groups for the MultiCrit model.

Group Weight 1 Weight 2 Weight 3
A 0.71 0.10 0.19
B 0.06 0.77 0.17
C 0.16 0.22 0.62
All 0.57 0.17 0.26
Neutral 0.43 0.22 0.35

Table 2. The results of different variants of the MultiCrit model.

336

The Minimum  The Harvest Total Total Total Stand
Size of Not Flow Harvested Perimeter of Total Area of Volume in Not
Group . Not Harvested .
Harvested Difference Volume Not Harvested Area (ha) Harvested Area in
Area (%) (%) (m3) Area (m) 1st Period (m?)
10 82,356 2463 5.66 1381
5 20 93,850 2463 5.66 1381
30 95,958 2279 5.63 1318
10 82,336 3169 11.19 8145
A 10 20 93,105 4373 11.19 4560
30 94,760 4910 11.25 3685
10 82,343 5625 16.81 10,846
15 20 91,643 7035 16.81 6577
30 92,770 6934 16.82 6678
10 81,956 2833 5.63 931
5 20 93,397 2833 5.63 931
30 95,982 2833 5.63 931
10 81,433 6259 11.25 2369
B 10 20 92,770 6259 11.25 2369
30 94,931 3259 11.25 2369
10 79,669 9773 16.87 4129
15 20 90,762 9773 16.87 4129
30 93,241 9905 16.88 4093
10 81,358 2034 5.65 1769
5 20 92,700 2034 5.65 1769
30 95,390 2034 5.65 1769
10 79,560 3929 11.19 4170
C 10 20 90,634 3929 11.19 4170
30 93,253 4092 11.30 4152
10 78,639 5814 16.81 7676
15 20 89,630 5814 16.81 7676
30 90,113 6262 16.88 7024
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Table 2. Cont.

337

The Minimum  The Harvest Total Total Total Stand
Total Area of
Size of Not Flow Harvested Perimeter of Volume in Not
Group . Not Harvested .
Harvested Difference Volume Not Harvested Area (ha) Harvested Area in

Area (%) (%) (m?) Area (m) 1st Period (m?)
10 81,980 2234 5.61 1367
5 20 93,848 2463 5.66 1381
30 95,951 2279 5.63 1318
10 81,936 4004 11.19 5198
All 10 20 92,679 4031 11.21 4878
30 94,292 4813 11.23 3310
10 81,266 5606 16.78 9547
15 20 90,121 5964 16.80 7484
30 91,551 6065 16.81 7317
10 81,944 2234 5.61 1367
5 20 93,425 2234 5.61 1367
30 95,822 2234 5.61 1367
10 81,225 3880 11.18 4978
Neutral 10 20 92,499 3880 11.18 4978
30 93,374 4172 11.24 4016
10 79,243 6036 16.83 7676
15 20 89,930 5878 16.78 7596
30 91,238 6687 16.85 6089

mature forest stands (=80 years)

not harvested areas

young forest stands (<80 years)

Figure 2. Graphical results for different variants with 5% not harvested area and 10% harvest

flow; (a) group A; (b) group B; (¢) group C.
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Legend
- mature forest stands (=80 years)

voung forest stands (<80 vears)
- not harvested areas
(©)

Figure 3. Graphical results for different variants with 10% not harvested area and 10%
harvest flow; (a) group A; (b) group B; (¢) group C.

(b)

Legend
- mature forest stands (>80 years)

voung forest stands (<80 vears)

- not harvested areas

(c)

Figure 4. Graphical results for different variants with 15% not harvested area and 10%
harvest flow; (a) group A; (b) group B; (¢) group C.

The results of Shape Index for different groups are presented in Table 3. It is obvious that the best
(i.e., minimum) value of the Shape Index is in the case of group C which is the one with the highest weight
put on the minimum outside perimeter objective function component. When comparing other groups,
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group A has smaller (better) resulting Shape Indices than do the variants of group B. However, group
“Neutral” has better values of Shape index in a few variants than does group A.

Table 3. The resulting Shape Index for groups A—C of the MultiCrit model according to the
minimal size of the not harvested area and the harvest flow.

The Minimum Size of Not The Harvest Flow Group
Harvested Area (%) Difference (%) A B C
10 2.92 3.37 2.42
5 20 2.92 3.37 2.42
30 2.71 3.37 2.42
10 2.67 5.27 3.31
10 20 3.69 5.27 3.31
30 4.13 5.27 3.43
10 3.87 6.71 4.00
15 20 4.84 6.71 4.00
30 4.77 6.80 4.30

All potential harvest units are not managed (suggested for harvesting or not-harvesting) over the
planning horizon because of adjacency constraints. There are 8.10, 6.13 and 5.87 hectares of non-managed
forests for three harvest flow differences in the case of the simple harvest scheduling problem presented
below. The greater is the harvest flow difference, the smaller is the non-managed area. The same dependence
is obvious in the case of all variants of groups of the multiple-use harvest scheduling problem (Table 2).
However, the absolute values of this are much higher (from 11.77 hectares to 33.44 hectares) than in the
case of the multiple-use forestry scheduling problem.

In the MaxHar model there is a higher total harvested volume over the planning horizon, of course,
because there is not a not harvested area demand to compare with the MultiCrit model. Although the
results of the MaxHar model are rather obvious, they are presented anyway to demonstrate the difference
when compared with the other models. The differences range from 26.8% to 32.7% in the case of 10%
harvest flow difference, from 11.3% to 16.6% in the case of 20% harvest flow difference and from 9.1%

to 16.1% in the case of 30% harvest flow difference for all groups.
4. Discussion

A multiple-use harvest scheduling model was presented. The results show that the spatial pattern and
other spatial demands affect the harvest possibilities. One can see in the example of the MaxHar model
that, in the case of only the maximization goal, some harvest units are non-managed because of the adjacency
constraints. The primal hypothesis could be that this part of the non-managed forest can be protected
without an effect on the total harvested volume over the planning horizon. However, the presented results
do not confirm this assumption as it was shown. The spatial demand for a continuous area of mature
forest stands has a large effect on the adjacency because inclusion of the consideration of spatial relationships
in long-term planning will increase the complexity of the task [15]. However, the purpose of forest planning
and the harvest scheduling model is to suggest management alternatives and information about
management consequences and to assist with decision making [37].
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The total harvested volume over the planning horizon in the MultiCrit model was higher with
group A than groups B and C. This result was predictable and is consistent with the results by [15,16].
The authors [16] created a harvest scheduling model for net present value (NPV) maximization and
perimeter minimization. They tested five weighting combinations. The resulting net present value was
in the case with NPV weight = 1 — e (e is very small number) about 5.4% higher than in the case with
NPV weight =0.1.

The other study [15] used a similar approach. However, the authors showed that the total harvested
amount through 10 periods was almost the same for all weight combinations except for the last weight
combination which had a perimeter weight = 1 — e (e is very small number). The authors created their
scheduling models in which each forest stand is presented by one variable and use only two criteria as
NPV maximization and perimeter minimization. By contrast the previous case presented the MultiCrit
model calculated with a priori defined harvest units with a strict defined size which resulted in many
units within one forest stand. This means that spatial structure is more complicated when a forest stand
approach is used as demonstrated in the presented model.

The presented model shows that the total harvested volume and non-managed area over the planning
horizon is dependent on the harvest flow difference (Table 2). If the difference is greater, the
non-managed area is smaller and the total harvested volume is greater. However, the difference between the
non-managed area and the total harvested volume is greater for the 10% and 20% harvest flow differences
compared to the 20% and 30% harvest flow difference. It seems that the higher harvest flow difference
can produce a higher scheduled harvest, but the increases can be ineffective beyond a certain point. This
point can be considered a very important component of the decision process, especially in the case of
non-regulated forests, and it is to be investigated in our future research.

The groups were derived using an anonymous questionnaire that was distributed among forest
experts. For this reason, the groups reflect the real opinions of foresters more so than in the case of
artificially set weighting combinations by scientists [15,16]. However, the presented approach shows the
problems that can arise from using Saaty’s methods for more than three criteria in real-life scheduling
problems, such as the need for a questionnaire with very detailed descriptions, inconsistencies, efc.

Our results show that foresters can manage forests for production while other ecosystem requirements
are met. The presented scheduling model, considering both economic and ecological goals, can help forest
planners and managers understand the spatial pattern of harvest units needed to ensure that an adequate
protected area is set aside, like with the spatial planning model by [20]. Furthermore, computing the
trade-offs between timber revenues and aspects of biodiversity protection is useful for policy makers
and forest owners or managers who have different types of forest certifications.

It is possible that forester cannot adhere to the optimal plan of harvesting for some unexpected reasons.
Even then, the proposed harvesting scheme can be applied in different ways. The results of individual
variants show that there are certain harvest units appearing with the same result for each variant. Either
there are those units that are supposed to be harvested every time regardless of the variant, or, similarly,
there are such units that are supposed to be not harvested no matter what variant was computed. These
individual units are included in every variant due to their suitable ratio of attributes (standing volume,
shape, and position in FMA, etc.). It is possible to mark these units as “recommendable” for harvesting
(or not harvesting) regardless of which optimal plan was used. If forester cannot fully keep the optimal
plan then at least the recommendable units should be harvested to approach the optimal solution.
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The proposed solution is presented within the forest management in the Czech Republic, but it could
be implemented in any forest management practice in central Europe. It shows how to maximize the
amount of harvested wood while ensuring the conditions for forest species existence are also preserved.
The model of mathematical programming is generally suitable for all forest management areas of a
similar size. Once having data describing any forest management area, it is then not very complicated or
time-consuming to provide the compromise solution and, thus, a better plan of forest harvesting as a
service for whoever desires to improve the effectiveness of forest harvesting.

The initial idea was to develop a harvest scheduling model applied in the managed forests of central
Europe. The presented scheduling model is of course inspired by other authors and lacks important
factors such as dead wood, large trees dimensions efc. However, it was confirmed that a compromise
solution from both forest management and nature conservation could be achieved using the presented
harvest scheduling approach.

It is possible to assume that the protected area would not be static in the long-term planning and would
change position over time as well as include other aspects of biodiversity. A solution to this problem
will be the next stage of our forest harvesting research.
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Abstract

Thereisanincreasing demand for environmental considerations (e.g. unharvested patches) in forest harvest scheduling in the last decades.
In Slovakia and the Czech Republic, allowable cut indicators are not based on the spatial structure; thus, they are unable to incorporate
these additional conditions. Many harvest scheduling models based on integer and mixed integer programming have been developed
throughout the world, but their use in forest management in Slovakia and the Czech Republic is rare. These approaches have mostly been
developed for clear-cut management systems and do not exist for shelterwood systems. Harvest scheduling approaches for a two-phase,
small-scale shelterwood system and a clear-cut system are presented. The models also include environmental requirements that restrict
area of forest stands that are not to be harvested over the planning horizon. A mathematical formulation of that requirement was integ-
rated into the forestry decision support system Optimal to solve all analysed harvest scheduling alternatives for small-scale shelterwood
and clear-cut systems.

Ourresults indicated that the total harvest volume amounts could be higher when a two-phase, small-scale shelterwood system is applied.
While there are legal adjacency constraints regulating clear-cut harvests, the influence of additional environmental requirements on the
total harvested amount is more restrictive for the shelterwood system because of greater area available for harvest. Both scenarios of
maximization of harvested volume and net present value provide comparable results.

Key words: environmental limits; shelterwood silvicultural system; mathematical programming; adjacency constrains

Abstrakt

V soucasné dob¢ stale narudstaji pozadavky spole¢nosti na plnéni environmentalnich aspekt pt'i procesu planovani tézeb. T¢Zebni ukaza-
telé, které jsou stale jesté pouzivany na Slovensku a v Ceské republice, nemohou takovyto typ omezeni zahrnovat, protoze nejsou zalozeny
na prostorové struktui'e. Mnoho alternativnich modelt planovani téZeb, které jsou zaloZeny na celo¢iselném a smiSeném celoc¢iselném
programovani, jiz bylo vyvinuto. Tyto modely jsou ale bohuZel ve vétSiné ptipadt uréeny pouze pro holose¢ny hospodarsky zptsob a modely
pro podrostni hospodarsky zptisob stale chybi. V této pracije prezentovan model planovaniuréeny pro dvoufazovou maloplosnou clonnou
se¢jako jedné z alternativ podrostniho hospodarského zptisobu. Model zahrnuje také environmentalni aspekty, které jsou reprezentovany
ponechanim dané plochy mytnich porostt bez zdsahu. Uvedeny matematicky model byl implementovéan do systému podpory rozhodovani
Optimal, pomoci kterého byly také analyzovany v§echny uvedené alternativy.

Nase vysledky ukazuji, Ze celkova tézZba muize byt vy$siv pripadé€ podrostniho hospodarského zpisobu. ProtozZe jsou zahrnuty prostorové
zékonné podminky prifazovani seci, je vliv environmentalnich podminek vétsi v pripadé holose¢ného hospodaiského zptsobu nez u
podrostniho hospodarského zplisobu. Maximalizace tézby i Cisté soucasné hodnoty vykazuji srovnatelné vysledky.

Kli¢ova slova: environmentalni limity; podrostni hospodarsky zplisob; matematické programovani; prostorova omezeni

tares under the process of forest denationalization. The last
known information about the average area of FMU in Slova-
kia was estimated at 881 hain 2005 (Green Report 2006); in
the Czech Republic average FMU size is not published, but
it is estimated to be less than in Slovakia. The age structure

Introduction

In the former Czechoslovakia after 1989, harvest schedul-
ing methods were influenced by socioeconomic and political
changes. The main changes that influenced forest manage-
ment were the restitution of ownership rights to the origi-

nal forest owners, a decrease of forest management units
(FMU), and a preference of near-natural silvicultural sys-
tems. In most Central European countries, particularly in
the Czech Republic and Slovakia, harvest scheduling was
conducted forlarge FMU with an area of 5,000 hectares and
greater. Presently these large units are divided into many
small FMUs with an area of a few tens or hundreds of hec-

of newly-formed FMUs is mostly unbalanced with a striking
lack or surplus of mature forest stands.

For these FMUs, near-nature systems, such as shelter-
wood silvicultural systems, are recommended to increase
natural regeneration. Shelterwood regenerationisacommon
contemporary method for the natural regeneration of forest
stands. The ratio of natural regeneration in the Czech Repub-

*Corresponding author. Robert Maru$dk, e-mail: marusak@fld.czu.cz, phone. +420 22438 3712
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licand Slovakia is almost 25% and 37%, respectively (Green
Report 2013 - CR; Green Report 2013 — Slovakia). Unfortu-
nately, analyses on harvest scheduling are largely focused on
the clear-cutting system and allowable cut indicators (ACI)
in both countries. Gregus (1976, 1983), Zihlavnik (2000),
Majoro$ (2001), and Marusak (2001) discussed advantages
and disadvantages of the individual ACI and their use in forest
management. The utilisation of ACI for shelterwood systems
has not been analysed, and there are only a few published
analyses aimed at ACI in a small-scale forests managed in
Slovakia (Suska & Majoro$ 1997; Majoro$ 1999). Marusak
(2001,2003) and Zihlavnik (2000, 2005) evaluated empirical
cutting percentages and theoretical areas as ACIs for shelter-
wood systems.

Mathematical programming is a group of traditional
methods for harvest scheduling problems. Linear program-
minghasbeenusedto solve harvest scheduling problemssince
the 1970s (Johnson & Scheurman 1977; Field et al. 1980).
The concept of spatial planning was developed alongside the
advancement of geographic information system (GIS), which
allowed for analysis of harvesting spatial configurations (see
for example Baskent & Jordan 1991 or Jamnick & Walters
1993). These advancements in harvest scheduling allowed
for more complex analyses, such as maximum clear-cut size
(Kurttila 2001; Boston & Bettinger 2001; Murray & Wein-
traub 2002), spatial restrictions on clear-cut opening size
(Nelson & Brodie 1990; Roise 1990; Dahlin & Sallnas 1993;
Richards & Gunn 2003), and the effects of different clear-cut
restrictions on economic outputs (Barrett et al. 1998). Spatial
requirements were also considered in ecological and environ-
mental research (Pukkala et al. 1995; Hof & Bevers 2000;
Kurttila 2001), optimization of wildlife habitat and timber in
the managed forest ecosystems (Hof & Joyce 1993; Kaspar
etal. 2015), land classification strategies (Borges & Hogan-
son 2000), harvest clustering and reducing fragmentation
(Ohman & Lamas 2003, Ohman &d Wikstrom 2008), and
wind damage risk assessment (Lohmander & Helles 1997;
Kondpka & Konopka 2008).

In central Europe, there is a need for analyses of harvest
scheduling approaches for alternative types of management,
i.e. non clear-cut systems. Marusak (2007) first suggested
a scheduling model for shelterwood management systems
and its comparison with ACI in the Slovak Republic, later
followed by an alternative approach presented by Konoshima
etal. (2011b). Kaspar et al. (2013, 2014) compared the use
of alternative spatially-restricted scheduling approaches only
for clear-cut management systems with ACl used in the Czech
Republic.

The objective of this paper is to investigate spatially-
-constrained harvest scheduling for two-phase small-scale
shelterwood and clear-cut systems, including unharvested
patches as environmental requirement for a private FMU.
Small-scale shelterwood system is defined as a shelterwood
harvest in adjacent strips; when a strip is regenerated after a
final cut, a seeding cut on an adjacent strip can be performed,
but no simultaneous cutin adjacent strips is allowed (Bavlsik
et al. 2008).

We considered the following constraints: (i) silviculture
was limited to shelterwood and clear-cut systems represen-
ted by maximal area and width of harvest units; (ii) owner’s
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requirements for harvest flow; and (iii) environmental requ-
irements to leave a certain portion of forest stands without
harvest. We analysed alternative scenarios using integer
programming. Because maximization of harvest volume is
the main target of harvest scheduling in the Czech Repub-
lic and Slovakia, the objective of the proposed problem is to
maximize the total cut volume or net present value (NPV)
over the planning horizon. We compared both the small-scale
shelterwood and clear-cut systemsfor each scenario.

2. Material and methods

2.1. General formulation

The two-phase, small scale shelterwood and clear-cut man-
agement systems were designated as a 0—1 integer program-
ming problem. The objective was to maximize the total har-
vest volume or NPV from all harvest units over P planning
periods or phases (within whole planning horizon); one
periodisequal to 10 years in the case of clear-cut system, and
aphaseisequalto S years in the case of shelterwood system.

maxZ=2 i Vi - X, [1]

=1 p=1

where [is the total number of harvest units, Pis the total num-
ber of planning periods or phases, v, is the harvest volume
or NPV of the ith unit in the period or phase, p, and X, isa
control variable (0 or 1) to specify the harvest of the ith unit
which belongs to period or phase, p, as defined by:

. {1 if the unit7in period or phase p is harvested
~ o otherwise

o (2]
Each unit can be harvested only once over the planning
horizon or it may remain without harvest, i.e.

P P
ZPx,.ﬁZxWSP Viel [3]
p=

p=1

where X0 is a control variable (0 or 1) to specify no harvest
defined by:

. { ifthe unitiin period or phase pis not harvested
~ Lotherwise

[4]

Xip()

2.2. Spatial and area requirements

The main legal requirement of the clear-cut system is spatial
constraints for harvest units (strict area and width). Adja-
cency constraints in our problem were defined using the for-
mulation of Yoshimoto & Brodie (1994). The greenup time is
one planning period for clear-cut or one phase for shelterwood
system.

The environmental requirement allowed for defined areas
of mature forest stands be left without harvest throughout the
planning horizon. The area of harvest units that left without
harvesting had tobe equal to or greater than the required area
(RA). This was secured by:

Ve P [S]
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where ai is the area of the ith harvest units. We used 5% of
total mature forest stands area as the RA standard for this
study. The neighbouring harvest units are not restricted by
this required area.

2.3. Flow constraints

The requirement for the maximum percentage difference (o)
between two sequential periods was used to regulate flow. In
this formula, means periodic harvested volume or periodic
NPV of harvest in period p.
A-0)V <V <A+o)V, (6]
To ensure balanced harvesting throughout the planning
period (P), the maximum percentage difference (o) between

the first (p=1) and the last period (p=P) was included in the
model.

(1-w)V, <V <(1+0)V, [7]

To calculate NPV, we used an average wood price of
47.83 € m> and average felling costs of 22.83 € m=.(Green
Report 2010), with an interest rate of 2.00%. We conducted
our analyses using the updated version of the forestry deci-
sion support system (DSS) Optimal (Marusak et al. 2015;
Vopénka et al. 2015). The DSS Optimal was extended by
environmental constraints [Eq. 3 and Eq. 5] for this study.
Theuser can select to include environmental constraints and
set the area without harvest (Fig. 1).

<) Setiing = il
Seting ]
@ Two-sirip shelterwood system (©) Three-strip shelternood system l

| © Noregeneration conditons (©) Al urits must be regenerated () Regeneration must be intiated ||

Maximal distance of neighbour [m] I
2

Indude also these polygons which are adjacency with corners (only one point)
Indude also harvest-flow constraints into the model
Indude also adjacency constraints into the model
Indude also environmental requirements into the mode!
@ Optimize volume () Optimize NPV

Interest rate [%]:
Number of planning periods
Length of ane planning period
Allowable harvest-flow percentage
Area Without Harvesting [m2]

150000

Gap Tolerance

5

Fig. 1. DSS Optimal User’s interface for constraints setting.

2.4. Case study

For this study, we examined a 513.9 ha FMU (Fig. 2a) with
an unblanaced age structure (Fig. 2b). Forest stands were
assigned to one of 17 10-year age classes, and there was a
surplus of mature forest stands (age class 10 and higher). We

assumed a rotation period of 110 years and a regeneration
period of 30 years. Growth data for this FMU was obtained in
2013 based on a forest inventory. To simplify the scenarios,
species composition of the forest stands was limited to a sin-
gle species, Norway spruce (Picea abies L. Karst), and we
assumed a site index of 28 as it is current mean site index of
studied FMU.

There were 163 stands available to harvest in the initial
three periods with a total area of 300 ha. Each forest stand
was divided into harvest units (strips) following the rules of
the clear-cut system, i.e. the limited area and width of strips.
The total number of harvest units was 1161 with an average
area of 0.26 ha. The total area of harvest units without cut
had to be at least 5% (15.0 ha) of the total area of mature
forest stands.

Aplanning horizon of 30 years (three periods of 10 years)
was used for optimization, which also corresponds to the
regeneration period. Both management systems were eva-
luated separately with a total of eight scenarios to investigate
the influence of requirements and limits (Table 1): four alter-
natives (A, B, Cand D) for each of the shelterwood manage-
ment (Sw) and the clear-cut management systems (Cc). For
both management systems, two variants of the model were
calculated: (i) harvested volume was maximized (assigned
as HV), and (ii)) NPV was maximized (assigned as NPV). A
maximum 10% fluctuation between two sequential periods
was used as a harvest flow constraint in alternatives A and
B; this requirement was applied only for periods two and
three because no harvest data prior to the planning horizon
was available. Alternatives A and C maintained a total area
>15.0 hainunits without harvest as an environmental limit.
Alternative D, which evaluated potential harvest and NPV
when only adjacency constraints are considered, was used
as a comparative scenario.

a) Legend
Young forest stands (<91 years)
[ Mature forest stands (=>91 years)
N
0 05 1 2Km A
O T S T |
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Fig. 2. a) Forest map of forest management units (FMU)
and b) age structure of FMU.
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Table 1. Alternative management scenarios using different
combinations of requirements and limits.

Alternative Environmental limit Harvest flow
(management system)

A(Co/-Sw) Yes Yes

B (-Cc/-Sw) No Yes

C (Ce/-Sw) Yes No

D (-Ce/-Sw) No No

Remark: When environmental requirements are modelled, a minimum of 5%

(15.0 ha) area must remain unharvested, and when harvest flow limits are included,
a maximum 10% fluctuation between two sequential periods is maintained. Cc
indicates a clear-cut scenario and Sw indicates a small-scale shelterwood scenario.

3.Results

The influence of environmental limits on harvest volume and
NPVispresented by comparing alternatives Aand Cto alter-
native D. Similarly, the influence of harvest flow and NPV
flow on harvest volume and NPV is presented by comparing
alternatives A and B to alternative D.

3.1. Maximising harvest volume

Maximum possible harvest (alternatives D) occurred when
no environmental and harvest flow constraints were taken
into account (Table 2, Fig. 3a); the total harvest volume was
98,312 m? and 117,122 m? for clear-cut (D—Cc) and shel-
terwood systems (D—Sw), respectively, for three planning
periods. However, harvest levels were unbalanced in both
scenarios; for the clear-cut system (D—Cc), the third period
harvest volume was almost twice as much as in period one
(41,463 m® and 22,132 m?), and the difference was much
higher (60,670 m* and 12,010 m?) under a shelterwood sys-
tem.

Table 2. Harvest volume (m®) and net present value (x10° €)
of alternatives A—D for clear-cut and shelterwood management
system when harvested volume was maximized.

. - Period
Alternative  Objectives { ) 3 Total
ACe Cut 30,806 33,245 33,886 97,939
NPV 572 553 495 1,622
B-Ce Cut 30,713 33,437 33,781 97,931
NPV 570 556 496 1,622
C-Ce Cut 22,132 34,717 41,463 98,312
NPV 411 578 608 1,597
Cut 22,132 34,717 41,463 98,312
p-Ce NPV M1 578 608 1,597
Cut 35,401 38,903 38,941 113,245
A-Sw NPV 658 647 571 1,876
Cut 36,346 39,791 39,979 116,116
B-Sw NPV 675 662 587 1,924
Cut 11,459 43366 59,413 114,238
C-Sw NPV 213 721 872 1,806
D-Sw Cut 12,010 44,442 60,670 117,122
NPV 223 739 890 1,852
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When environmental constraint of clear-cut system (C—
Cc) wasintroduced to the model, the total harvest volume was
the same as that in alternative D—Cc, including unbalanced
harvest within planning periods. Spatial requirements of
clear-cut systems are so strict that additional environmental
requirements did not affect the total harvest level because they
dictated that some harvest units were unharvested in the both
scenarios. Introducing the harvest flow constraint in alter-
native B-Cc reduced the total harvest volume to 97,931 m?, a
mere 381 m? (0.4%) less than maximum harvest in alternative
D—Cec. Similarly, when both environmental and harvest flow
constraints were included (A—Cc), the total harvest level was
only 373 m® (0.4%) less than the maximum cut alternative
(D—Cc). Thus, to fulfil environmental and harvest flow requ-
irements using the clear-cut system resulted in no substan-
tial decrease of harvest levels because spatial and adjacency
constraints applied with a clear-cut system primarily limit
harvest levels.

Similar relationships were observed for the alternati-
ves A—Sw, B—Sw, and C—Sw using a shelterwood system.
Harvest flow restrictions (B—Sw) reduced total harvest
levels by only 1,006 m? (0.9%) relative to D-Sw, and the
environmental constraint (C—Sw) reduced total harvest
levels by 2,884 m? (2.5%). When both environmental and
harvest flow requirements were included in the model, the
reduction of total harvest volume was higher than that in
the clear-cut system; alternative A—Sw harvest levels were
reduced by 3,877 m? (3.3%) compared to D-Sw. The influ-
ence of silvicultural system on the maximum possible cut in
the mentioned alternatives A—C was evident; total harvest
levels in the shelterwood system were higher compared to
the clear-cut system. Environmental and harvest flow con-
straints reduced total harvest levels in a shelterwood system,
however, they had little influence on the harvest levels of the
clear-cut system.

3.2. Maximising NPV

Alternatives D—Cc and D—Sw (Table 3, Fig. 3b) yielded
maximum possible NPV without environmental and
NPV flow constraints. For the clear-cut system, NPV was
1.646 mil €, approximately 3.1% higher than the same alter-
native (D—Cc) when harvest volume was maximised (Table
2). It was expected that adding environmental constraints
into the model (C—Cc, C—Sw) would decrease the total NPV,
however, only in the case of the shelterwood system did NPV
decrease, while there was no NPV decrease relative to the
D-Ccalternative. It means that adjacency constraints in our
case affected total NPV more than environmental constraints
(unharvested patches) in the case of clear-cut system. In con-
trast, NPV flow constraints on the clear-cut system (alterna-
tive B—Cc) reduced NPV by 1.52% relative to the maximum
NPV (D-Cc), while in the case of the shelterwood system
(B—Sw) total NPV was lower while total harvest volume was
higher.
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Fig. 3. Total harvested volume when harvest is maximised (a) and total NPV when NPV is maximised (b) by planning period for

alternatives A and D for clear-cut and shelterwood systems.

Table 3. Net present value (x10°€) and cut volume (m?)
of alternatives A—D for clear-cut and shelterwood management
system when NPV is maximized.

Alternative  Objectives 1 Per210d 3 Total
A-Ce NPV 559 559 503 1,621
Cut 30,087 33,603 34,291 97,981
B-Ce NPV 562 553 506 1,621
Cut 30,242 33,273 34,466 97,981
C-Ce NPV 728 582 336 1,646
Cut 39,168 35,016 22,876 97,060
C NPV 724 586 336 1,646
b-ce Cut 38,998 35,251 22,834 97,083
A-Sw NPV 603 663 603 1,869
Cut 32,464 39,859 41,108 113,431
NPV 618 680 618 1,916
B-Sw Cut 33,288 40,859 42,151 116,298
NPV 1,019 735 182 1,936
C-Sw Cut 54,827 44,182 12,413 111,422
D-Sw NPV 1,030 754 199 1,983
Cut 55,427 45,345 13,549 114,321

When both environmental and flow constraints were
included in the model of the clear-cut system (A—Cc), total
NPV was the same as that for only flow constraints (B—Cc).
This confirms that adjacency constraints were stricter than
environmental constraints, and itis possible to fulfill environ-
mental requirements without any significant loss of harvest
volume in clear-cut systems under current forest manage-
ment conditions. For the shelterwood system, total NPV was
the lowest with both environmental and flow constraints in
the model; NPV decreased by 5.75% (A—Sw) relative to the
maximum (D—-Sw), while it was 2.37% less with only envi-
ronmental limits (C—Sw). Thus, NPV flow constraints limi-
ted total NPV more significantly for the shelterwood system
than for the clear-cut system.

3.3. Harvest vs. NPV maximising

Itwas expected that maximising harvest volumes would result
inhigher total harvest and lower total NPV, and a higher total
NPV and lower total harvest when the NPV objective was
maximised. However, within all alternatives under each maxi-

misation scenario, the differences between total harvest level
and total NPV were are not significant.

Maximal total harvest in the case of clear-cut system was
98,312 m*when harvest was maximised and 97,083 m*when
NPVwas maximised. [t wasasmall difference of only 1.25% in
total harvest volume, but a mere difference of 0.06% in terms
of NPV. When both additional constraints were introduced
(alternatives A), the total harvest levels and NPV changed
very little when either objective was maximised. In contrast,
maximising total harvest or NPV using a shelterwood system
yielded much greater differences in total harvest volumes and
NPV. Maximising total harvest (D—Sw) produced a total har-
vest volume of 117,122 m?, but, when NPV was maximised,
total harvest volume was 2.39% lower (114,321 m?). Maxi-
mising total NPV (D-Sw) produced a total NPV of 1.983 mil
€, but, when total harvest volume was maximised, total NPV
was 6.61% lower (1.852 mil €). When both environmental
and flow constraints were added (alternatives A), total har-
vest was higher when NPV was maximised.

An interesting result was the relationship between total
harvest and total NPV in the alternatives which included
environmental and flow constraints when harvest volume or
NPV are maximised. The total harvested volume was higher
when NPV was maximised and NPV was higher when har-
vest was maximised (alternative A) for both clear-cut and
shelterwood system scenarios; this was caused by the limi-
ting effect of used constraints.

4, Disccusion

The spatial structure of mature forest stands or individual
harvest units can strongly influence harvesting alternatives
in many cases (Konoshima et al. 2011a; KaSpar et al. 2014).
It is not possible to precisely schedule harvesting without
spatial information. There is no information on where each
harvest should take place because the volume under ACI is
derived only by the utilization of the summarized volume
data of mature age classes. The utilisation of ACI would
fail to secure the area and meet the strip width limits of the
shelterwood system. The shelterwood system addresses the
silvicultural requirements for forest stands, regarding age
and natural conditions. The shelterwood system meets the
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near-nature forest managementtargets, while more intensive
harvest systems would reduce canopy cover too drastically.

Three alternatives (A—C) were considered to investigate
the influence of management requirements and limits rela-
tive to alternative D that considered only adjacency constra-
ints. For the shelterwood system, the smallest difference in
total harvest volume was obtained by alternative B, when
only the harvest flow requirement was considered. On the
otherhand, the smallest difference in total NPV was obtained
by alternative A when the constraints of environmental area
and harvest flow were included, and it also provided more
balanced harvest levels over the planning horizon. Alterna-
tive A provided less total harvested volume than alternatives
B and C, but the total NPV was equal to or higher in both
cases.

Environmental requirements similar to alternative A
were analysed in paper by Kaspar et al. (2015). The authors
confirmed their assumption that the total harvested volume
would be higher when no environmental requirements were
considered, even when the model was applied to a clear-cut
management system; however, they do not calculate NPV.
Ohman & Wikstrom (2008) tested a harvest scheduling
model for a clear-cut management system with similar
environmental requirements and they maximized NPV.
They determined that the total NPV was also higher when
no environmental requirements were considered. However,
a previous study by the same authors (Ohman & Lamas
2005) demonstrated that the total harvested volume was
almost the same for all variants, i.e. with or without envi-
ronmental requirements. However, the models presented in
the above three studies included the goal of reducing forest
fragmentation. The differences between results presented in
this paper and the above studies could be caused by different
scheduling approaches on the one hand, by differing initial
spatial configurations and age structures, or by different
management systems as previously mentioned.

Our results demonstrate that is important to test and
develop harvest scheduling models for shelterwood mana-
gement systems. They are needed to apply similar models to
different initial conditions of FMUSs to obtain comparable
results because the role of initial age or spatial structure is
likely critical to the results of harvest scheduling under shel-
terwood management systems.

5. Conclusions

This paper discussed spatially constrained harvest schedul-
ing for small-scale shelterwood and clear-cut systems used
in the Czech Republic and the Slovak Republic. Our results
indicate that harvest scheduling for shelterwood systems
should not be conducted using ACI as still applied in for-
est management in both Republics. Spatial requirements
are the most important constraints, which are not typically
accounted for in harvest scheduling. Optimization using sil-
vicultural requirements and additional constraints, such as
environmental area and/or flow constraints, provided solu-
tions suitable for the application of small-scale shelterwood
systems. The proposed spatially constrained harvest schedul-
ing for the shelterwood system can be used as an alternative

76

solution to ACl approaches used in forest management prac-
tice. In addition, this paper presented an approach to solve
harvest scheduling problems using the forestry decision
support system Optimal, which can be a distinct advantage
for usage in forest management. One of the most important
result which can be generalised for Czech and Slovak condi-
tions is an understanding of the influence of environmental
and harvest flow constraints on harvest; these constraints
had a greater negative impact on total harvest volume of
shelterwood systems than in clear-cut systems.
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Abstract Fragmentation of the forests affects forest
ecosystems by changing the composition, shape, and con-
figuration of the resulting patches. Subsequently, the pre-
vailing conditions vary between patches. The exposure to
the sun decreases from the patch boundary to the patch
interior and this forms core and edge areas within each
patch. Forest harvesting and, in particular, the clear-cut
management system which is still preferred in many
European countries has a significant impact on forest
fragmentation. There are many indices of measuring frag-
mentation: non-spatial and spatial. The non-spatial indices
measure the composition of patches, while the spatial
indices measure both the shape and configuration of the
resulting patches. The effect of forest harvesting on frag-
mentation, biodiversity, and the environment is extensively
studied; however, the integration of fragmentation indices
in the harvest scheduling model is a new, novel approach.
This paper presents a multi-objective integer model of
harvest scheduling for clear-cut management system and
presents a case study demonstrating its use. Harvest bal-
ance and sustainability are ensured by the addition of
constraints from the basic principle of the regulated forest
model. The results indicate that harvest balance and sus-
tainability can be also achieved in minimizing fragmenta-
tion of forest ecosystems. From the analyses presented in
this study, it can be concluded that integration of frag-
mentation into harvest scheduling can provide better spatial
structure. It depends on the initial spatial and age structure.
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It was confirmed that it is possible to find compromise
solution while minimizing fragmentation and maximizing
harvested area.

Keywords Forest management - Optimization - Spatial
indices - Ecological intensification - Multi-objective integer
programming

Introduction

The fragmentation means disintegration of a large unit into
smaller parts. Forest fragmentation simultaneously reduces
the total area of forest and causes patch isolation (Soga and
Koike 2012). The fragmentation caused by human activi-
ties is one of the most disturbing global biodiversity issues
(Fahrig 2001). It has been suggested that protected area and
nature reserve should be as large as possible because large
habitat patches have high colonization rates, low extinction
rates, and high heterogeneity of the environment (Yamaura
et al. 2008; Soga and Koike 2012). However, large nature
reserves cannot possibly exist in many areas of the world
because of the human population influence (Franklin
1993). Management of the nature reserve shape is an
alternative management option. For example, the exposure
to the sun decreases from the patch boundary to the patch
interior and this forms core and edge areas within each
patch. The influence of the edge effect on the habitat is
enormous not only in the landscape, but also in forests
(Wilson et al. 2014). For this reason, nature reserves and
protected areas of forest should be as circular in shape as
possible, because the circular shape reduces external
influences to minimum (Yamaura et al. 2008).

One way to achieve the biodiversity in the managed
forests is to create protected areas of mature forest stands
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without harvesting while the forest is harvested in the other
parts (Ohman and Wikstrom 2008; Martins et al. 2014).
Many authors designed the harvest scheduling model based
on the protection of reserves of old forests using the con-
cept of core area (Baskent and Jordan 1996; Ohman and
Eriksson 1998; Baskent 1999; Ohman 2000). Some papers
presented the way of reducing fragmentation of old forest
stands by shape index relative to the shape of circle (Oh-
man and Lamas 2003, 2005; Ohman and Wikstrom 2008).
Other studies deal with the reserve design (Williams and
ReVelle 1996, 1998; Clemens et al. 1999). First however,
each forest stand with its particular biodiversity value has a
significant impact on the total biodiversity of forest and
total suitable habitat and only the mosaic of young and old
forest stand can create the suitable wildlife habitat (Hunter
and Schmiegelow 2011). It is an important factor because
the size of a suitable habitat and its configuration and
composition in a forest determines the quality and quantity
wildlife population (Fahrig 1992). It does not matter
whether this concerns a young or old forest stand.

Second, the large reserve cannot possibly exist in many
forest areas because of the human population, economics,
and other ecosystem services as was presented (Franklin
1993) and further, if the reserve protection is too strict it
could lead to uniform homogeneity of forest in many cases
and this approach is not desirable (Hunter and Sch-
miegelow 2011).

Das and Nautiyal (2004) presented forest variability
index that considers individual forest stand diversity and
compactness of the forest. This index can be used for the
evaluation of current stage of the forest; however, its use
for dynamic creation of suitable habitat by harvest
scheduling can be difficult. Further, Das and Nautiyal
(2004) declare that presented index can be used for harvest
scheduling; however, they did not present such harvest
scheduling and its impact on total harvest in the managed
forests. On the other hand, presented forest variability
index includes individual stand diversity value. Unfortu-
nately, approach presented in this paper does not take this
aspect into consideration.

Fragmentation of the forests affects forest ecosystems
by changing the composition, shape, and configuration of
the resulting patches. There is a number of different indices
for measuring these three factors used in many studies. An
overview of selected indices and their use was presented by
Rutledge (2003), while Hernandez-Stefanoni (2006) dealt
with the relationship between plant species richness and
landscape indices.

There is a significant correlation between biodiversity
and percentage of coverage, edge density, and shape index.
Echeverria et al. (2007) do not prove a statistically sig-
nificant impact of the patch size and the number of tree
species. However, a significant relationship between the
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patch size and shade tree species, mean diameter, and basal
area has been proved. The same authors state the patch size
is very important for the measurement of landscape chan-
ges caused by human activities. This is in agreement with
Yamaura et al. (2008) comments.

The first factor of fragmentation is the composition of
resulting patches in a selected area. The two basic indices
for composition measuring is the number of patches and
mean size of patches (Rutledge 2003). However, they
provide an incomplete picture because the fragmentation
also encompasses the relative size of patches which is
sensitive to the addition or deletion of small patches.

The next factor of fragmentation is the shape of the
resulting patches. To reduce the fragmentation of a forest,
shape index is often used as described above. The majority
of shape index compare the ratio of the perimeter and area
of patches, i.e. this ratio to the selected ideal shape. Gen-
erally, the ideal desired shape is the circle because it has
less edge and more core area (Schumaker 1996; Rutledge
2003). However, this shape is almost unattainable in nat-
ural conditions, especially in managed forests. Therefore, a
more applicable shape in practice is the square. The goal of
the selected shape of patches is to minimize the edge effect.

The last factor of fragmentation is the configuration of
resulting patches. Indices of patches configuration describe
the spatial pattern of patches and provide information about
connectivity or isolation of patches. This section often
becomes the most difficult part of any model because it is
based on the spatial relationship between patches and
requires necessary involvement of the geographic infor-
mation system. He et al. (2000) developed an aggregation
index that is class specific and independent on the land-
scape composition. They compare the aggregation index
with the other indices to quantify spatial patterns: conta-
gion index, shape index, and the probability of adjacency
of the same class. The use of the aggregation index is based
on the raster data. Turner et al. (1989) present the method
that works with probabilities of adjacency. This index is
not based on the raster data and its usage is more applicable
for harvest scheduling model. Other selected landscape
indices measuring fragmentation configuration are pre-
sented by Rutledge (2003).

To evaluate the level of fragmentation, it is important to
define a membership of each patch to a class. The class
definition can be presented by vegetation cover, habitat, or
vegetation classifications etc. In case of fragmentation
evaluation of continuous forest ecosystems, it is necessary
to define these classes for smaller spatial scale. The man-
aged even-aged forest patches can be classified by age from
the practical point of view because age classification can be
assigned to each individual stand. Stand age is a useful
measurement for describing a condition of forest and for
predicting future growth and yield of trees (Bettinger et al.
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2009). Age class distribution lumps all similar stands
together into classes, which are typically grouped into 10-
or 20-year classes.

The age classification is practical also for other reasons.
Regularity in forest production has been widely discussed.
The way to ensure the sustainability of forest production was
described in early 1800s by Hundeshagen (Woolsey 1922;
Davis et al. 2001). This classification is well known as a
“normal forest”. The basic idea is that there are equal areas
of forest land in each of the defined age classes (Bettinger
et al. 2009). Additionally ecological goal should have equal
or greater importance than economic or social goals. The
model of a “normal forest” does not take into account the
reserve area and other aspects of biodiversity conservation
and nature protection. Although this model has a number of
drawbacks for modern forestry management, the basic
principle of regularity in production is still desirable.

Forestry is facing an increasing number of challenges,
including a need to ensure various ecosystem services and
to solve conflicts between them. One of the forest
ecosystem services is biodiversity which is enormously
important also for the landscape. The new management
way to achieve and solve the conflict between different
ecosystem services—such as biodiversity of forests and
productive functions of forests or even flow of timber—is a
set of principles grouped together under term “ecological
intensification” (Dore et al. 2011). The Food and Agri-
culture Organisation (FAO 2009) defined “ecological
intensification” (or “sustainable intensification”) within
the framework of agriculture as “Maximization of primary
production per unit area without compromising the ability
of the system to sustain its productive capacity”. The same
definition can be applied to forestry as well.

The goal of this paper is to create a harvest scheduling
model with respect to minimizing the fragmentation of
managed forests caused by human activities (e.g. harvest-
ing). The model is based on the multi-objective bivalent
programming. The effect of each selected index on the
spatial structure will be tested together as well as sepa-
rately. Finally, the spatial structures achieved first by the
proposed harvest scheduling model and then by a simple
model with only green-up constraints will be compared.

Materials and Methods
Data

The proposed model for including a consideration of
fragmentation in short-term planning was applied to semi-
real geographic data of forest management area (FMA) of
178.86 hectares (ha). Semi-real data means that a real
shape of forest stands and suggested harvest units (HU) are

simplified into rectangle. This modelling approach allows
easier calculation of the perimeter and area of patches and
interrelationships between them and provides a different
area, perimeter, and shape of each patch, interrelationships
as well. The initial and resulting spatial structure of FMA is
more real than in the case of square or hexagon shape of
patches. All forest stands of the FMA that are, or will be in
next 50 years, of cutting age were divided into potential
cutting units by the editing tools in ArcMap (ESRI 2014). It
was important to consider also the legislative parameters
for clear-cuts during the editing. This means primarily the
maximum width, which equals two mean heights of the
surrounding stand, and the maximum area of a clear-cut,
which is 1 ha. A 25-m tree height was set for the modelling
approach.

The standing volume is not one of the main aspects in
the presented model but it will be presented in final sum-
mary in the results section. For this reason, to predict the
growing stock, the simple growth coefficients derived from
regional yield tables (Cerny et al. 1996) were used. One
tree species was chosen [Norway spruce Picea abies (L.
Karst.)] for the modelling purpose. The real site quality and
stand density were used for predict the growing.

570 patches (0.25 to 1 ha large according to spatial
conditions) were created. All patches were divided into 8
classes according to its age. The age class for this purpose
spans 20-year intervals (e.g. age class 1 consists of forest
stands aged from 1 to 20 years, age class 2 consists of
forest stands aged from 21 to 40 years, etc.). Each age class
is divided to the two sub-classes spanning 10 year
intervals.

Three initial variants of semi-real FMA were created in
age distribution of potential patches (variants A, B and C).
The initial age structures of variants are presented in Fig. 1.
The variants are inspired by real spatial distribution (shape,
size, and spatial location of each patch is the same for all
variants); however, each patch belongs to the other age
class in all initial variants. The age class distribution was
randomly generated.

All data were used with the agreement of the FMA
owner but to comply with the rules of personal data pro-
tection it is not identified more specifically. The final cut
was planned for this model FMA for the next 40 years, for
four harvesting periods. One rotation age (100 years) and
regeneration period (30 years) were used. These parame-
ters were used to qualify the mature forest stands.

Mathematical Model

There are three groups of indices as mentioned above:
composition, shape, and configuration. One index from
each group that would fit the model was selected.
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Fig. 1 Initial age structures of variants A, B, and C

At first, the area of each age class was used to ensure an
appropriate composition of forest stands. One cannot say
which age class is the most important or which has to have
the largest area. For this reason, the area of each age class
in each period should be identical. It means that the model
has to ensure the minimization of the sum of absolute
deviations between the area of each age class and a chosen
set value. This value is equal to one eighth of the whole
area because the patches had been divided into eight age
classes. However, the absolute value is non-linear and it
has to be transformed into a linear expression. It can be
accomplished, for example, using methodology according
to McCarl and Spreen (2011). This transformation will be
described below. This situation will be further described as
C-Scenario.

Additionally, each age class has to form continuous
areas with minimum perimeter and maximum area. While
the requirement for the area of age class is given by C-
Scenario, the minimization of the total perimeter will force
each age class to be contiguous in space (Ohman and
Wikstrom 2008) close to the ideal shape. This situation will
be further described as S-Scenario. After all, it is necessary
to evaluate the model results that will be obtained within
different scenarios. Let us introduce the metrics we will use
for results assessment. Two kind of indices will be used for
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evaluation of the forest age structure. These indices are
known as shape index and the index of probability of
adjacency. The original formula of shape index (Ripple
et al. 1991; Baskent and Jordan 1995) is presented below
(1). Shape index used for the raster data (with the square as
the basic shape) (He et al. 2000) is also presented (2).

Total perimeter
Sleivele = 1
clrele 2 x v/Total area x 7 )
Total perimeter
Slsquare = P (2)

4 x v/Total area

where Slgjrcie OF Sliguare, TESpectively, is shape index; total
perimeter is a perimeter of selected patches minus twice
the length of the common border. Total area is a total
area of selected patches. Two types of shape index are
presented because there are different situations they are
suitable for.

The patches of all age classes have to be distributed over
the whole area of FMA. This situation will be further
described as Co-Scenario. The proposed approach of
including the Co-Scenario into the model is based on the
probabilities of adjacency that a grid cell of type i is
adjacent to type j (Turner et al. 1989). The original formula
of probabilities of adjacency is presented below (3).

Qi = N;;/2N;, (3)

where Q; is the probability of adjacency, N; is the number
of patches of class i, and N;; is the number of patches
where class i is adjacent to itself.

The index Q; takes values from O to 1. If every patch
of class i was isolated then Q; = 0. However, the
maximum value of Q; is not a constant, but varies
depending on the number of patches of class i. For
example, for a class of 2 x 2 square patches, the
maximum value of Q; is 0.5, 3 x 3 square patches,
maximum value of Q,. is 0.67, etc. This makes Q;
measured in different classes difficult to compare (He
et al. 2000). However, the presented Co-Scenario will
be used to avoid creation of a large contiguous area of
one class. This means that the values close to 0 have to
be reached. The same principle as in the case of shape
index mentioned above will be used to reduce the non-
linear expression in Q; form to linear expression, to
minimize patches with the common border, and to
maximize all patches of the one class.

The two mentioned indices (SI index and Q; index) have
a similar use: to measure fragmentation or aggregation of
patches. It means the SI index could be used for S-scenario
or Co-scenario purpose in the model and similarly, the Q;
index could be used for Co-scenario or S-scenario purpose
in the model as well. However, the Q; index cannot ensure
the ideal shape of created groups of patches because it
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assumes that the square is the most aggregated shape. It
could be the right assumption only in case of presented
semi-real FMA data or for the raster data for which it was
originally developed. However, in the real geographic sit-
uation of forest patches, the shapes of grouped patches
closer to circle than square should be created.

Another problem that could emerge is the number of
patches dependence of Q; index. In the case of raster data,
each cell (patch) has the same shape and number of
neighbours. However, in a real situation, each patch has a
different shape, size, and number of neighbours. This could
cause disproportionality between the preferences of indi-
vidual patches which could not ensure a perfect shape.
Thus, when the index is used for an explained purpose one
can avoid this problem.

The original formulae will be used for the summary
assessment of the spatial structure of presented FMA. As a
part of our optimization model, we will utilize the tech-
niques of the goal programming. The goal programming is
a common optimization tool and its application can be
found in the field of forestry science. According to de
Oliveira et al. (2003), many of the decisions taken in forest
problems involve multiples objectives (economic, social,
environmental, amongst other), as well as multiples use,
timber and nontimber, where the goal programming can be
well used. Bertomeu and Romero (2001) show how the
goal programming can be used to manage the forest bio-
diversity. Diaz-Balteiro and Romero (2003, 2004) intro-
duce the goal programming related to forest sustainability
issues. Eventually, Aouni and Kettani (2001) mention the
importance and promising future for goal programming
techniques also in the field of forest management.

The general aim of the optimization model is to provide
such harvesting schedule that the harvested area in each
class and scheduling period will be balanced and close to
normal area.

We will consider a forest management area with the
total area R consisting of I harvest units, eight age classes
d and 16 sub-classes c. The ideal area of each age class Rc
is set for 22.36 ha as well as the ideal are of each age sub-
class Rsc which is set for 11.18 ha. Note that there is a
relationship between R, Rc, and Rsc expressed as Rc = R/
(C22) and Rsc = R/C where C is the total number of age
sub-classes.

Let us have four objectives described with the four
objective functions. These individual objectives will be
further combined together in the different scenarios. The
first objective expresses timber harvest maximization. The
objective function (Z1) is given as follows:

Z1 :max{ZZanicp}. 4)

Here r; is the real parameter expressing the area of a unit i

and x;,, is the bivalent variable with two states of the unit i:

1 if the unit i of subclass c is harvested in the period p
0 otherwise

The second objective function minimizes the patches of
each class d which are adjacent to the patches of the same
class. This can be achieved by minimizing the number of
common borders of two patches belonging in the same age
class and period:

P D
Z2 : minimize Z Z Z Zijdp (5)

p=1 d=1ijeJ

where z;4, is the bivalent variable with two states of con-
tiguous pair of units i and j:

{ 1 if the contiguous units i and j belong to class d in the period p
0 otherwise

The third objective function expresses minimization of
total perimeter of grouped patch belong to the same age
class and period:

P
Z3 : minimize Z Z

D
p=1 d=1

1
(Z qiYicp — Z Zsijzijdp> ) (6)

i=1 ijel

where ¢; is the real parameter describing the perimeter of
the unit i, y;., represents the bivalent variable y;., with two
states of the unit i

1 if the unit i belongs to subclass c in the period p
0 otherwise

s;; real parameter describing the border length between
contiguous pair of units 7 and j . Variable z;4, is described
in the previous objective function.

The final objective function is the minimization of the
absolute total deviation between the real area and the ideal
area of each age class in every period:

P D
Z4 : minimize Z Z 8:1;, + ‘C‘;p’ (7)
p=1 d=1

where s;p,s;p are non-negative variables substituting the
resulting absolute deviation from desired area of each age
class d in every period p.

Furthermore, there will be following constraints of our
mathematical model. Over the P periods, every unit can be
either harvested in one of the period p or left alone in any
period. Over the P periods, the unit can be harvested only
once. This is ensured by the following set of conditions:

P
Y xip<LVi=1,...,LVe=1,...,C. (8)
p=1

@ Springer



Environmental Management

A smooth process of harvesting over the P periods has to
be ensured. The area of the harvested forest in every period
p should be even. This can be expressed by the set of
conditions regarding every pair of two consequential
periods:

1

Z rixiep < (1 +0.0)Rsc,Vp =1,.. .,
=1

P:Ye=1,...,C
9)
ZrixicpZ(l -

i=1

0.0)Rsc,Yp=1,...,P;¥e=1,...,C,

(10)

where « is the specified percentage of the area R that has to
be harvested in each period. o = 10 % was used in our
case which resulted in required harvested area in the range
from 10.10 to 12.25 ha per period (from 40.40 to 49.00 ha
per P periods).

If the patch i of sub-class c¢ is harvested in period p it
does not belong to the sub-class ¢ anymore. This is ensured
by the set of conditions:

Xiep = Yitpey = O;Vi=1,.. . [Vp=1,...,P;Vc
=9,...,C (11)

Yip=1p=1Vi=1,...[¥e=1,....,C (12)

One patch can belong to only one age sub-class in the
same period. This is ensured by set of conditions:

C
Zyicp = 17Vl = 1,. .
c=1

It is obvious that one patch has to move from one age
class to another during the planning horizon because of
ageing. The patches which belong to age class 3 and
younger cannot be harvested through the planning horizon.
For this case (d <3 & ¢ < 6), ageing of each patch is
ensured by

ZZM —5vi=1,. (14)

The patches belonging to the age class 4 and older
(d>4 <4 ¢>7) can be possibly harvested through the
planning horizon. This means that there are different exist-
ing sequences of ageing for each patch depending on whe-
ther the patch is harvested or not and in which period. Each
ageing scenario consisting of five periods starts from the
period 1. There are two possibilities of ageing for sequence
which start from patch belonging to age sub-class 7 (age
class 4), three possibilities of ageing for sequence which
start from patch belonging to age sub-class 8 (age class 4),
four possibilities of ageing for sequence which start from
patch belonging to age sub-class 9 (age class 5), and five

I¥p=1,...C. (13)
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possibilities of ageing for sequence which start from patch
belonging to age s-class 10 (age class 5); age sub-class 11
and 12 (age class 6), age sub-class 13 and 14 (age class 7),
and 15 and 16" (age class 8). This ageing sequence is given
by the following set of conditions, where W;. acts as an
artificial variable, k indirectly expresses the number of
period in which the patch is harvested (if so) and / is addi-
tional parameter used to express indices in the following
formulae.

k—1
SWiek < ZM‘@H)@H)NG >Tip=1k=5

SWia < Zy’ c+1) (p+1) + zyl (c—c+1) (p+hk—1+1)>
1=0 =

7,1,4).5.1,3),5.1,4 ) }
91,4, (&1 1, (& 1,2), (&1, )(,14> '
(15)

For each patch only one sequence can be selected. This
is ensured thanks to the additional W;. variable. For each
sequence, the variable differs in index k, thus the following
condition in addition to the previous one preserves a choice
of only one sequence.

V(c,p,k) € {(

P
ZWik: LVi=1,....1 (16)
k=1

There is an obvious relationship between two decision
variables y and z. As both of them express the class affil-
iation in two different ways, the relations between these
two variable classes have to be defined. Apparently, if the
variables y;4, = 1 and y;4, = 1 (meaning both contiguous
units i and belong to the same age class d in the period P
then the z;4, = 1 as well (since the z;4, describes the
selection of the pair of two contiguous units i and j in the
period P). To ensure that the relations between y and z
variables make sense, it is necessary to define the following
pair of conditions:

— 2zjjap > 0,Vc € {2d — 1,2d}
— Zyp <1,¥e € {2d —1,2d}

Yicp + Yjep
yicp + yjcp

The additional condition V¢ € {2d — 1,2d} in the for-
mula 13 ensures that any sub-class will be connected only
to its corresponding class, e.g. considering that ¢ = 7 then
necessarily d = 4 must hold. Having these two conditions
in the model makes sure that no logical contradictions
occur in the interpretation of the results.

Having these two conditions in the model makes sure
that no logical contradictions occur in the interpretation of
the results.

To ensure one part of defined goal, minimization of the
sum of absolute deviation between real area and ideal
area of each age class, it is necessary to define next
conditions:

(17)



Environmental Management

1
83;7 _Sc;p+zriyicp :RC,VP = 1,,P,Vd
i=1

=1,..,D,¢e,85,>0,Vc
€ {2d — 1,2d}, (18)

where gjp,g;p are non-negative variables substituting the
resulting absolute deviation from desired area of each age
class d in every period p.

The final condition has to be added to the model
regarding the adjacency of the patches. To fulfil the
legislative and silvicultural limits, no adjacent units can
be harvested in the same period P. The algorithm pro-
posed by Yoshimoto and Brodie (1994) is used. The
algorithm uses (n x n) adjacency matrix A, control
vector X consisting of bivalent variables X; for i-th unit
of total n units. In addition, there is a (n x 1) unit vector
i and a diagonal matrix B with its diagonal elements
b;; = A;ii; A; is the row vector of incidence matrix A.
Considering these relations, the following set of con-
straints is defined:

BX + AX < Aii. (19)

Adding these constraints into the mathematical pro-
gramming model will make sure there are no two adjacent
units harvested in a single period. To determine the adja-
cent cutting units for cutting unit i, the definition of
Moore’s neighbourhood adjacency was used (Konoshima
et al. 2011).

Harvest Scenarios

Seven harvest scenarios were created for each initial age struc-
ture. The following three harvest scenarios were presented above
[S-Scenario (20), C-Scenario (21), and Co-Scenarios (22)].
The fourth harvest scenario is presented only by the har-
vested area maximization (objective function Z1). It will be
indicated as MaxHar-Scenario (23). And the last three harvest
scenarios are presented by the combination of MaxHar-Sce-
nario and S-Scenario; C-Scenario and Co-Scenario, respec-
tively. They will be indicated as MaxHar+S-Scenario (24),
MaxHar+C-Scenario (25), and MaxHar+Co-Scenario (26).
In order to compute the model of mathematical pro-
gramming, it is necessary to modify it properly so it would
be possible to use computational software. The software
requires a model in the form with one objective function
for each modelling variant. That is why it is necessary to
aggregate more functions into one in each modelling
variant. The additive function aggregation without weights
is used, i.e. each objective function has an equal impor-
tance. All objective function’s coefficients are normalized
first before they are aggregated. The normalization is done
to enable aggregation of more objective functions of

different dimensions into one. The coefficients of an
objective function are normalized as a proportion of a total
sum of all coefficients. The normalized coefficients of the
objective function then take values from 0 to 1. Generally,
for an objective function ¢Tx, there is a normalized cost
vector ¢! of the function gained as ¢! Z‘:'C. It is then

n =
possible to define aggregate objective function for each
variant:

“S” Scenario:
min(Z3). (20)
“C” Scenario:
min(Z4). (21)
“Co” Scenario:
min(Z2). (22)
“MaxHar” Scenario:
min(Z1). (23)
“MaxHar+S” Scenario:
min(Z1 — Z3). (24)
“MaxHar+C” Scenario:
min(Z1 — Z4). (25)
“MaxHar+Co” Scenario:
min(Z1 — Z2). (26)
Theoretically, it is possible to choose one optimal model
for all evaluated indices and for mean absolute deviation
minimization, so the particular characteristic is minimized.
SI index is minimized with the S-Scenarios; Q; index is
minimized with the Co-Scenarios; and mean absolute
deviation of age class area is minimized with the C-Sce-
narios. These scenarios were selected as reference sce-
narios as each one of them expresses one particular
objective unlike other scenarios expressing multiple
objectives at once. In order to compare the performance of
the models in terms of evaluation of index differences from
the reference model, Kruskal-Wallis test was performed
amongst all scenarios. Due to the variances of the index
differences not being equal in all cases and theoretically
unknown distribution of the differences, the Krusk—Wallis
test was used to test the equality of means of the criteria
amongst different scenarios. Statistical evaluation was
carried out using MATLAB Statistics Toolbox (The
MathWorks Inc. 2012).
The problem was solved using a branch and bound
algorithm, which is a standard algorithm for solving integer
programming problems. The problem was formulated as a

classical *.Ip file and solved by Gurobi 5.5.0 (Gurobi
Optimization 2014). The software was run on PC with a
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3.40 GHz Intel Core 17-2600 CPU and 16 GB of RAM. A
optimality tolerance of 0.01 % was used.

Results

Table 1 presents values of SI index, Q; index, and area of
each age class for initial age structures A, B, and C. The SI
index for square was used because in the case of presented
data is more relevant. The goal is to gain the resulted value
as close as possible to the smallest value of SI index and Q;
index. The optimal value is 1 in the case of SI index and O
in case of Q; index, respectively. The minimal deviation
between real area and ideal area (22.36 ha) of all age
classes is required as well.

Calculation of SI index, Q; index, and area of each age
class was made for five planning periods for seven harvest
scenarios and for three initial age structures. The mean
values of SI index and Q; index for all harvest scenarios
were calculated (Table 2). The mean absolute deviation of
each age class area was calculated as well (Table 2). The
results of Kruskal-Wallis test are presented in Figs. 2, 3, 4.
Each group rank mean is represented by a circle, and the
interval is represented by a line extending out from the
circle. Two group rank means are significantly different if
their intervals are disjoint; they are not significantly dif-
ferent if their intervals overlap.

The S-Scenario and MaxHar+S-Scenario results have the
smallest value of mean SI index (Table 2) for the all three
initial age structures. These results were expected because
the minimization of common border was an objective of the
presented models. Other harvest scenarios have similar mean
values of SI index. Following the Kruskal-Wallis test, the
P value of multiple comparison test for SI index is
3.758e—07 for initial variant A, 1.3256e—04 for initial

variant B and 4.9620e—07 for initial variant C. It indicates an
existence of significant differences amongst the harvest
scenarios. It is shown that these differences exist between
S-Scenario and MaxHar+S-Scenario and other harvest
scenarios. This result is confirmed using Fig. 2 as well.

Table 2 presents the mean value of Q; index of each age
class for different planning scenarios through planning
horizon for all initial age structure variants. The Co-Scenario
and MaxHar+Co-Scenario results have the smallest value of
mean Q; index (Table 2) for all three variants A, B, and C.
This result was expected because the minimization of
number of neighbours belonging to the same age class was
actually an objective of the presented models. The P value of
multiple comparison test for Q; index is 3160e—06 for
variant A, 3.5223e—06 for variant B and 0.0010 for variant
C. All values are less than 05 and it means that there are
significant differences amongst the harvest scenarios for
variants A and B. It is shown that these differences are
between Co-Scenario and MaxHar+Co-Scenario and other
harvest scenarios (Fig. 3). The harvest scenarios C-Scenario,
MaxHar-Scenario, and MaxHar+C-Scenario have similar
mean value of Q; index and SI index. The S-Scenario and
MaxHar+S-Scenario has the highest (the worst) value of Q;
inx and the Co-Scenario and MaxHar+Co-Scenario has the
highest (the worst) value of SI index. These results were
excepted because used indices in the optimization models
have different effect to each other.

The C-Scenario and MaxHar+C-Scenario provides the
smallest value of mean absolute deviation from ideal area
of each age classes. However, the P value of multiple
comparison test for mean absolute deviation is 0.9490 for
variant A, 0.9226 for variant B and 0.3009 for variant C. It
means that significant differences amongst the harvest
scenarios do not exist (Fig. 4) because all values are greater
than 0.05.

Table 1 Slindex, Q, index, and

area of each age class for initial Age class
age structures A, B and C 1 2 3 4 5 6 7 8
A
Sliquare 9.7 6.0 7.7 8.8 6.4 59 4.6 29
0, 0.14 0.08 0.38 0.14 0.54 0.62 0.38 0.21
Area (ha) 28.00 21.31 21.94 16.44 41.63 38.53 9.13 1.88
B
Slquare 10.4 6.3 9.8 10.1 9.5 6.2 7.2 6.5
0O; 0.14 0.05 0.42 0.37 0.31 0.17 0.31 0.10
Area (ha) 28.00 21.06 29.56 37.25 27.53 9.06 13.31 12.56
C
Slquare 10.4 6.4 10.8 10.0 8.0 6.1 6.4 6.7
0, 0.14 0.10 0.42 0.39 0.32 0.35 0.39 0.04
Area (ha) 28.00 21.56 42.03 33.06 18.62 11.75 12.63 10.69
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Table 2 The mean value of SI

. . A Co S C MaxHar MaxHar+Co MaxHar+S  MaxHar+C
index, Q; index, and mean
absolute deviation of area of SI index 794 681 759 751 7.94 6.83 755
each scenarios and each intial i
variant A. B. and C Q; index 0.16 030 021 023 0.16 0.23
Mean absolute deviation 547 6.25 484 554 5.52 6.15 4.86
B
SI index 8.65 8.04 844 849 8.61 8.04 8.45
Q; index 0.15 029 021 0.20 0.16 0.29 0.21
Mean absolute deviation 6.64 7.56 6.21 7.30 6.90 7.54 6.21
C
SI index 847 790 8.12 8.30 8.42 791 8.12
Q; index 0.18 033 025 0.22 0.19 0.33 0.24
Mean absolute deviation 829 8.62 8.09 8.76 8.74 8.74 8.09
Initial variant A Initial variant B
Co Co 9
s f —e— ~ S r 1
c t B cf 1
MaxHar —_——— MaxHar | |
MaxHar+Co _— MaxHar+Co - k!
MaxHar+S | —_— MaxHar+S - B
MaxHar+C - —_— MaxHar+C [ b
60 810 160 1210 1:10 1clso 1;30 200 80 160 1é0 14:0 1e'30 11;0 200
Initial variant C
Co 1
S r —_——— 4
c t D — E
MaxHar | —_— 1

MaxHar+Co [

MaxHar+S —_————— b
MaxHar+C [ B — J
60 80 100 120 140 160 180

Fig. 2 Graph of multiple comparison test for SI index

Table 3 presents the suggested harvested areas for
each planning period and total harvested area for each
harvest scenarios. MaxHar-Scenario, MaxHar+Co-Sce-
nario, and MaxHar+S-Scenario provide the highest total
harvested area which is found at the upper bound of
restriction (49.00 ha). No harvest scenarios suggest the

200

total harvested area at the lower bound of restriction
(40.40 ha). Although the S-scenario in variant A almost
reached the lower bound with the result of 40.58 ha, the
harvested areas in all periods are balanced and match
with the restrictions of the mathematical model presented
above.
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Initial variant A

Co —_— B
S _— A
C r _— -
MaxHar - —_—e———— 1
MaxHar+Co | —_————— q
MaxHar+S | —_——— A
MaxHar+C —_e 4
60 80 100 120 140 160 180 200
Initial variant C
Co _— R
S _— —
C r —_— -
MaxHar S 1
MaxHar+Co [ _— b
MaxHar+S —_— 1
MaxHar+C —_——— 1
60 80 100 120 140 160 180 200

Fig. 3 Graph of multiple comparison test for Q; index

Discussion

The harvest scheduling approach for managed forests was
presented. Its goal was to achieve better spatial structure of
forest management areas from in terms of biodiversity in
the light of ecological intensification.

It is shown that the best value of selected spatial
structure characteristics can be achieved only in those
harvest scenarios which have only one relevant objective.
The S-Scenarios provide the smallest value of SI index, and
the Co-Scenarios provide the smallest value of Q; index in
all three initial age structure variants. On the other hand, S-
Scenario of variant A results in smallest total harvested
area. Ohman and Lamas (2005) presented similar results
with multi-objective harvest scheduling model. It showed
that with increasing weight of SI index minimization, the
net present value (NPV) of harvested volume is decreasing.
In another study, Ohman and Lamas (2003) presented the
impact of forest stands aggregation on thinning proportion.
They show that aggregation of harvest is possible with only
a small sacrifice of NPV. The decrease in NPV could be
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motivated by the fact that costs associated with a road
building will probably decrease when the harvests are
aggregated in time and space.

The important thing is that the MaxHar+Co-Scenarios
and MaxHar+S-Scenarios provide statistically comparable
results in the selected characteristics (Q; index and SI
index) with Co-Scenarios and S-Scenarios, respectively, in
all three initial variants. However, the MaxHar+Co-Sce-
narios and MaxHar+S-Scenarios provide the higher total
harvested area to compare with Co-Scenarios and S-Sce-
narios. It was presented that MaxHar+C-Scenario has no
effect on the total harvested area according to C-Scenario
and the resulted total harvested area of both of them is
comparable in the cases of all initial variants. The results of
presented scheduling approach depend on the initial spatial
and age structures. However, it was presented that relevant
model can have a positive effect on the selected spatial
characteristics in all three initial age structures.

The better results of selected spatial characteristics
could be achieved omitting the consideration of balanced
harvested area. However, this restriction is one of the
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Fig. 4 Graph of multiple comparison test for mean absolute deviation of age class area

requirements of sustainable forestry. Considering balanced
harvested area is an important requirement of managed
forests as well and it is obvious that without harvesting, the
balanced area of age classes could not be achieved due to
ageing of forests stands.

To ensure preservation of a suitable habitat should be
one of the interests of scientific society because the habitat
loss is the largest factor contributing to the current global
species extinction (Fahrig 1992). The possibilities of cre-
ating the suitable habitats and fragments by the proposed
models are limited by the type of proposed model which is
characterized as URM (unit restricted model) (Murray
1999, Crowe et al. 2003), because resulting shape of
fragments is affected by the shape of the patches and
harvest units which are edited before harvest scheduling
modelling process. Achieving of the better results could be
expected in the case of ARMs (area restricted models),
because the size and shape of harvested unit is designed
during the scheduling process by the ARMs. However, the
solution of these models by computer can be more time-
consuming and other methods for solving, such as

heuristics, have to be used, and their use in the conditions
of central Europe is problematic, because not only area, but
also the shape of harvested units is a limiting factor.

To formulate the minimization of Q; and SI index by the
model constraints could be alternative modelling approach.
This kind of model could have one objective function, such
as harvested area maximization. Unfortunately, to formu-
late the demand of age class area deviation by the model
constraint could be more difficult because it could be a very
strict and infeasible in the number of different initial age
structures. On the other hand, such kind of constraints is
needed in the model because the harvested balanced area
constraints can guarantee only ideal area of younger age
classes after harvesting. Only SI index could be used in
such kind of alternative modelling approach because it can
guarantee not only continuity of patches belonging to the
one age class, but also the better shape of continuous
patches.

The spatial structure of the forest is very dynamic in
case of age classification because a transfer from one class
to another is not only caused by harvesting but also

@ Springer
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Table 3 The harvested area (ha) in four planning periods for dif-
ferent planning scenarios for different initial age structures A, B, and
C

A Period Total
1 2 3 4

Co 12.25 10.75 12.13 12.25 47.38
S 10.13 10.13 10.13 10.19 40.58
C 10.12 12.25 10.12 12.25 44.74
MaxHar 12.25 12.25 12.25 12.25 49.00
MaxHar+Co 12.25 12.25 12.25 12.25 49.00
MaxHar+S 12.06 12.06 12.25 12.25 48.62
MaxHar+C 10.13 12.25 10.12 12.25 44.75
B

Co 12.13 10.72 12.19 11.56 46.59
S 12.25 12.25 12.22 12.19 48.91
C 10.06 12.25 10.13 12.19 44.63
MaxHar 12.25 12.25 12.25 12.25 49.00
MaxHar+Co 12.25 12.25 12.25 12.25 49.00
MaxHar+S 12.25 12.25 12.25 12.25 49.00
MaxHar+C 10.06 12.25 10.12 12.25 44.69
C

Co 11.69 10.25 11.50 11.63 45.06
S 12.25 11.63 12.19 11.81 47.87
C 10.06 12.25 10.12 12.25 44.69
MaxHar 12.25 12.25 12.25 12.25 49.00
MaxHar+Co 12.25 12.25 12.25 12.25 49.00
MaxHar+S 12.25 12.25 12.25 12.25 49.00
MaxHar+C 10.06 12.25 10.12 12.25 44.69

spontaneously by ageing of the forest stands. Further, the
presented approach lacks important factors such as dead
wood, large trees dimension efc. A different situation could
possibly occur in case of tree species classification because
tree species composition can be maintained for decades by
forest managers. For this reason, an additional index
including the tree species composition and other biodi-
versity characteristics of each patch could be included into
the harvest scheduling model as a next step of development
alternative harvest approaches.

Apart from the human interventions, the natural
disturbances modify the forest ecosystems in terms of
both spatial and temporal aspects. The frequency of
disturbances and their damages can grow by climate
change on the one hand (Hlasny et al. 2014), but also
by kind of management system on the other hand (Zeng
et al. 2004, 2009). Disturbance events can contribute to
the maintenance of biodiversity and heterogeneity, as
well as be the primary drivers of declines in biodiver-
sity and species endangerment (Coops et al. 2010).
There are already some papers about considering the
fire risk (see for example Gonzalez et al. 2005) and

@ Springer

wind risk damage into the planning models (see for
example Zeng et al. 2007). The scheduling approaches
respected biodiversity aspects which can react imme-
diately on the changes in the forest spatial structure
caused by natural disturbances should be developed and
more tested. Scheduling approaches including other
management systems, which can positively affect the
spatial aspects of biodiversity, should be developed in
the next steps as well.

Complexity of forest ecosystems is loosed by division
into forest stands and patches and by categorization. Fur-
ther, appropriate spatial scale of landscape planning and
forest planning is dependent on the species (Bunnell and
Huggard 1999). For these reasons, it is impossible to create
universal model applicable to all forest ecosystems types
over the world. The scheduling models appropriate to
managed forests in the conditions and law restrictions of
the central Europe were presented in this paper.

Conclusion

Our research studied the question of whether considering
ecological aspects in forest management would have any
significant influence on the total harvested volume of
timber, the most important goal of every forest manager.
Different scenarios of forest harvesting are presented.
Our study shows how the individual scenarios of harvesting
differ in observed characteristics. These scenarios can
actually have two boundary situations; The first situation
where the harvested volume is maximized at the expense of
the ecological aspects and the second—an opposite situa-
tion—where the ecological aspects are put before the
interest of harvesting. A situation where there is no har-
vesting at all was not considered since we deal only with
the managed forest in this paper. There is always at least
the lower limit of harvested volume in the managed forest.
The authors consider this situation to be the “most eco-
logical” of all scenarios. The ecology here is understood
from the biodiversity point of view. The biodiversity is
represented by three harvesting scenarios S-, Co-, and C-.
Interestingly, the results of these scenarios do not have to
necessarily lead to low harvesting rates, as shown in Co-
Scenarios and some S-Scenarios. When combined with the
aspect of the maximum harvested volume, these three
scenarios lead to very satisfactory rates of harvesting, even
reaching the maximum feasible amount of harvested vol-
ume. This proves the fact that when the maximization of
harvested volume is desired, it is not necessary to ignore
biodiversity aspects. From the presented analysis, it can be
concluded that taking biodiversity aspects into considera-
tion can help the forest grow in an ecologically intense way
while it does not affect the final harvested volume.
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However initial spatial and age structure affect signifi-
cantly the final harvested volume as was presented.
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8.4 Implementace vybranych modeli a metod do vlastniho DSS

Vyuziti uvedenych metod a postupli prostorového plénovani tézeb by bylo
prakticky nemozné bez pocitatové podpory. V Ceské republice je DSS pro prostorové
planovani mytnich téZeb vyvijen v soucasnosti na Katedie hospodaiské upravy lesu
Fakulty lesnické a dievaiské CZU v Praze. Piedkladana disertadni prace méla také za cil
(dil¢i cil 4) implementovat vybrané modely do tohoto vyvijeného systému.
V soudasnosti jsou v CR také dostupné tii certifikované metodiky zabyvajici se
piipravou dat a pfipravou modelt pro prostorovou optimalizaci (Marusak, Kaspar
2014a; Marusak, Kaspar 2014b; Marusak, Kaspar 2014c). Pro splnéni dil¢iho cile 4 byla
pouzita data referencniho LHC 3. Dil¢i modely a vysledky jsou prezentovany dale.

Naplnéni dil¢iho cile 4 bylo spInéno piiloZzenymi publikacemi:

Marusak, R., Kaspar, J., Vopénka, P. 2015. Decision support system (DSS) Optimal — A
case study from the Czech Republic. Forests, 6, 163-182. doi:10.3390/f6 010163.

Vopénka, P., Ka$par, J., Marusak, R. 2015. GIS tool for optimization of forest harvest-
scheduling. Computers and Electronics in  Agriculture, 113, 254-259.
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Abstract: Forest managers have traditionally planned harvests using their expert knowledge.
This applies mainly to the spatial distribution of harvest units. The amount of timber to be
harvested is regulated by market demand. In addition to forest managers’ expert knowledge,
there is a set of rules, which can be automatized. Computerized harvest planning will lead
not only to saving time of forest managers, but it will also enable them to explore various
scenarios in a matter of minutes. We introduce Optimal—GIS tool for spatial and temporal
decisions of harvest scheduling. Optimal allows creating new harvest units, which reflects
the forestry act and/or forest managers’ requirements. Optimal includes necessary tools for
automatic controlling of harvest unit parameters. It allows alternative harvest scheduling,
while taking into account different constraints. Optimal is a decision Support System
designed and applied for clear-cut and shelterwood silvicultural systems with respect to the
environmental and economic constraints.

Keywords: harvest scheduling; model; decision support systems (DSS)

1. Introduction

Since the 18th century, a number of different methods have been developed for organizing forest
production with the even flow requirements in Europe [1]. The concept of the ideal normal even-aged
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forest [2] is used in most cases. However, its application in practical forestry is problematic because of
nature disturbances, which will potentially increase due to the climate change [3]. Even so, the timber
indicators used in many central European countries are derived from the concept of the normal
even-aged forest. However, a regulated forest with a balanced and regulated age-class distribution is not
only difficult to achieve, but also undesirable for long-term forest stability. The disadvantages associated
with the use of these indicators in Central Europe have been outlined in previous publications [4—6].

For the reasons mentioned, there is an increasing need to analyze the development of spatial structure
because without the spatial aspect, it is impossible to maintain environmental, social and other aspects
of forest management [7]. Methods of operational research in conjunction with modern information
technology and geographic information systems (GIS) can be used to create endogenous scheduling
model [8] and a new type of forest management plans that consider spatial structure. What makes spatial
forest-management plans different from conventional plans is the proposal of size, shape and position of
the forest harvest units in the forest management area. Decision support systems (DSS) can be helpful
tools for forest managers to take into account all spatial restrictions of management in forests.

There are two timber-harvesting indicators for harvest scheduling in Czech Republic that are
implemented in Czech forestry legislation. These express the maximum possible final cut. One of them
is known as the cutting percentage (hereafter referred to as CP) and it determines the percentage of
harvest for each mature age class depending on rotation and regeneration period. According to this, CP
ranges from 4% to 100%. The final cut by CP is calculated by multiplying the CP value (4%—100%) by
the volume of age class [6,9]. These percentages used for CP were derived from the normal forest, as
described in [2]. In addition, the CP indicator is static, incorporating planning for one decade only,
without the option to account for harvesting possibilities over a longer time period and does not consider
the spatial possibilities of harvesting. This results in strongly uneven, decadal harvests for the whole
forest management area (FMA). Important social and political changes after 1989 in Czech Republic
lead to new harvest scheduling possibilities. Unfortunately, there are few previous studies detailing new
approaches of spatial harvest scheduling applied in Czech and Slovak Republic [4,10] as there are laws
restricting clear-cut management systems. It is necessary to analyze the number of existing harvest
approaches and models to find new techniques that comply with all social and political requirements.

Initially, it is important to analyze which type of harvest scheduling endogenous model is suitable for
the conditions of Czech Republic. The predefined harvest units, expressed in unit-restricted models
(URM), can cause large differences in harvested volume between planning periods [11] and low values
of objective function [12]. Although the area restricted models (ARM) [12—15] appears more suitable
for these reasons, their application for clear cut management system for the conditions of Czech Republic
is problematic, as not only is the area of clear cut limited, but also the shape (width and length) of clear
cut is limited.

It is also necessary to define scheduling goals. The main goal is to maximize wood production in
commercial forests. This goal is often expressed by the maximum net present value of harvested volume
(see for example [12,16,17]). An alternative way to express wood production maximization is simply by
maximizing harvested volume. This is the simplest way to formulate the objective however harvest
scheduling models with this type of objective formulation do not include the uncertainty of fluctuations
in the timber markets which is the one of the most prominent sources of risk and uncertainty in forest
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management [18]. However, approaches exist that can incorporate windows of uncertainty into the
optimization model [19,20].

There are a number of other management goals or criteria that can be included in the models and as
a consequence forest planning is very complex. In addition to the economic issue, there are two more
particular issues; environmental and social [21]. The environmental issue (including biodiversity and
nature conservation, carbon sequestrations, efc.) has already been included in many previous models
(see for example [2,7,17,22,23] and references therein). However, there are fewer studies about social
issues such as recreational function [24]. Further, many different law restrictions exist which are
extremely variable from country to country.

Forest management is a complex problem as there are a number of management goals, requirements
and restrictions to comply to. As a consequence there is the need to develop new decision support
systems (DSS) which can be much more helpful in aiding forest manager in making the best decisions.
A good overview and description of most of the available decision support systems in the world is
presented on the website ForestDSS CoP [25].

The goal of this paper is to present the basic version of DSS Optimal (hereafter referred to as Optimal)
for spatial harvest scheduling and its advantages compared to CP timber indicator, which is still used in
the Czech Republic. Some of possibilities of DSS Optimal will be presented and discussed for the case
of real forest management area in the Czech Republic.

2. Material and Methods
2.1. DSS Optimal

Optimal is intended to compare with conventional timber indicators that exist in Czech Republic for
example, CP. From this reason, only one objective function (harvested volume maximization) is included
in the model as the harvest cost and other objectives cannot be included in the CP calculation.

There are different characteristics which can be used for DSS description [26]: Temporal scale;
Spatial context; Spatial scale; Decision-making dimension; Objective dimension; and goods and services
dimension. Optimal is useful for tactical forest planning [2]. There are quite strict restrictions for so
called green-up constraints in the Czech Republic (and other central European countries) and it is not
possible to schedule harvesting without considering neighborhood relations. Optimal is developed for
stand level harvesting and its purpose is for a single decision-maker as Optimal has a single objective
dimension. Finally, Optimal is oriented for market wood production.

Optimal is an ArcGIS extension, which is being developed to support clear-cut and shelterwood forest
management in central Europe. According to Borges ef al. [26], Optimal has all the main components of
DSS including: the database management system—it is possible to use all databases supported by
ArcGIS software; the model base management system—the growth model based on [27] was used for
growth prediction; and methods base management system—integer optimization model is used for
spatial harvest schedule. This model works with the harvested volume maximization such as the
objective of the model. Additionally, there are adjacency constraints, which are derived according to [28]
and the constraints regarding harvest flow over the planning horizon. The harvest flow constraints are
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defined by different harvest volumes between consecutive periods, such as [22]. The logical structure of
Optimal is presented in Figure 1. For the detailed mathematical formulation of the model, see Appendix.
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Figure 1. The logical structure of Optimal.

The description of Optimal can be divided into two parts: GIS and Solver. The GIS part is fully
processed in ArcGIS framework, some original ArcGIS functions are used and functions have been
added. The GIS part of Optimal provides the loading and displays the forest management data, sets the
parameters of optimization, edit the new harvest units and creates the adjacency matrix. After simple
installation, the toolbar (Figure 2) can be displayed in the ArcGIS framework. This toolbar includes all
necessary components for harvest scheduling by Optimal.

W S 2|

Figure 2. The Optimal toolbar.

The first button is for the parameter setting, such as minimum and maximum harvest units’ width and
area. The next five buttons are for the cutting and editing process. The set parameters of harvest units
are automatically checked by the system. The automatic checking of new harvest units is shown in the
Figure 3 for the example of too narrow harvest unit.
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Editing

Polygon is too narrow

Figure 3. An example of the automatic checking process.

The last button is to start the Solver. The optimization package Gurobi [29] is used as a solver for the
defined optimization model. It is directly linked to Optimal through Java API. The Java code for
transferring the data from the GIS part of Optimal to solver and back to the results display is presented
in Appendix.

The results of the harvest optimization model are displayed for users in three ways. First, after
finishing the optimization, the summary results are displayed (Figure 4).

-

The solving is finished @

Total Harvest Volume [m3]... 2901
Harvest Volume in 1. perod [m3].. 520
Harvest Volume in 2. period [m3].. 956
Harvest Volume in 3. period [m3]... 1023

| ok || cancel |

Figure 4. The summary results.

Secondly, the results are displayed in the graphical format as shown in Results and Discussion part
(Figure 9) and finally, the new attribute column is added to the attribute table of input shapefiles during
the solution. Each harvest units is identified by a number (from 0 to n), indicating the period in which
the unit is designed for harvesting. 0 means not harvest and 1 means to harvest in the 1st period, efc.

The main difference between Optimal and other available DSS, is the possibility to create new harvest
units and edit them according to a priori set of parameters. It is an important part of Optimal because it
is necessary to divide each forest stand into the harvest units, which are exactly defined by the Czech
Forestry Act. The maximal area of a harvest unit is one hectare in most cases, two hectares in special
cases, and the maximal width of one harvest unit has to be equal or less than double of the mean height
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of surrounding forest stands. The Optimal includes necessary tools for automatic controlling of
mentioned parameters. Further, the potential harvest unit can be located in the minimal distance of one
mean height of surrounding forest stand from any unit harvested in the same planning period. Optimal
allows alternative scheduling while taking into account different constraints.

2.2. Case Study

Optimal is presented for the case of real FMA (Figure 5). The presented FMA has 494.8 hectares with
Norway spruce (Picea abies L. Karst.) the predominant tree species in 342 of 425 forest stands
(456 hectares; 92% from total area of FMA). The presented FMA is an average FMA of the Czech
Republic in terms of its area, altitude (around 400 m), geology, and soil properties. For this FMA,
alternative harvest schedule for 3 planning periods (each 10 years long) was created. This length of one
planning period corresponds with traditional planning horizons used in the Czech Republic.
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Figure 5. The forest stands map with colored age classes (20 years age class intervals).

A database of FMA includes information about each forest stand such as area, tree species composition,
site index, age, regeneration period and rotation age. The average rotation age is 110 years and
regeneration period is 30 years. All forest stands with an age older than their rotation age minus ' the
length of the regeneration periods were selected from the database. These forest stands could be
potentially harvested in the 1st planning period. The forest stands for harvesting in 2nd and 3rd periods
were selected similarly (age + 10 years; resp. + 20 years is higher than the rotation age minus 'z of length
of the regeneration period).

It is obvious from Figure 6 that the real areas of 10-years age classes are quite different from the
regulated areas of age classes, which is derived according to the mean rotation and regeneration period
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for the whole FMA [9]. It could be expected that allowable cut indicators based on the model of normal
forest cannot provide a good harvest schedule.
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Figure 6. The real and regulated areas of 10-years age classes for FMA (forest management area).

All the selected forest stands were divided into the potential harvest units by using the Editing Tool
of Optimal (Figure 7). The maximal width of clear-cut (50 m), the minimal width of clear cut (25 m)
and the maximal area of clear cut (1 hectare) were defined.
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Figure 7. The potential harvest units for 3 planning periods.

The spatial harvest-scheduling tool Optimal includes adjacency constraints and harvest-flow
constraints. Further, it is possible to choose between Moore and Neumann neighborhoods [10] and set
the allowable gap tolerance accordingly.

Different variants of scheduling problem for presented FMA were calculated to compare with the
conventional approach, CP. The variant AdC includes only adjacency constraints. The variant HfC
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includes only harvest-flow constraints and the variant ComP includes both the adjacency and
harvest-flow constraints. The sub-variants of variant HfC were calculated according to the harvest flow
(from 1% to 60%) between the consecutive periods. The variants ComP and AdC were divided into two
groups according to the Neumann (assigned as ComP-N and AdC-N) and Moore neighborhoods
(ComP-M and AdC-M). As computational time is a limiting factor when using the optimization model,
gap tolerance was also analyzed. Different gap tolerances (1.00 x 107*, 1.00 x 1073, 1.00 x 1072, and
1.00 x 107") were used to calculate sub-variants of ComP-N; AdC-N; ComP-M and AdC-M. For variants
ComP-N and ComP-M, different harvest flow (10%, 20% and 30%) was also calculated.

3. Results and Discussion

The 777 harvest units for clear-cut management system were edited for the purpose of the
presented case study. The mean area of one harvest unit is 0.30 hectares, the maximum is 1.52 hectares
and the minimum is 0.1 hectares. The average number of neighbors is 2 in the case of Neumann
neighborhood and 5 in the case of Moore neighborhood. The planning horizon was defined
for three periods at ten-year intervals.

The results of all evaluated variants and conventional scheduling problems are presented in
Tables 1-4. For the resulting age structure dominated by the 8th and 9th age classes, the final cuts are
rising in each period. The percentage differences between consecutive periods are small despite that CP
does not include any type of harvest-flow constraints (increase of 2.4% in the second period compared
to the first period; and 13.3% in the third period compared to the second period). However, the spatial
aspect is missing, which means it could not be implemented in practice as adjacency constraints will not
allow cutting more than presented in Tables 2 and 3.

Table 1. The scheduled total amount of harvest and individual harvests for three planning
periods for CP (cutting percentage).

Total Harvested Harvest in Harvest in Harvest
Amount (m?) 1st Period (m®) 2nd Period (m%) in 3rd Period (m%)
102,032 31,824 32,598 37,610

It is obvious that when incorporating any type of adjacency constraints into the model, it is almost
impossible to achieve the amount of harvest wood suggested by CP. Only sub-variants of ComP-N
(Table 3) with 20% and 30% harvest flow are higher than the harvested amount suggested by CP. For
the case of ComP-N variants, the total harvested area can be greater than the suggested CP as the total
harvested units can be distributed over the FMA. Similar results were achieved by [30]. Although it is
not possible to use the Neumann neighborhood constraints in any clear-cut harvest-scheduling model in
the Czech Republic because of the Czech Forestry Act, they could be applied in the case of shelterwood
management system.

It is shown that the elapsed time of solver depends on the gap tolerance. These results were excepted
because when gap tolerance is high then the solution is reached sooner. It seems that the elapsed time of
solver also depends on the percentage of harvest flow for the same reason, as there are more possibilities
how the harvested units can be distributed over the FMA. There are studies comparing the time
and computational efficiency of different type of adjacency constraints [31,32], but unfortunately there
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were no studies, which could confirm this fact. Only a small number of authors (e.g., [22]) indicate
that it is more time-consuming to solve the problem with the harvest flow constraints than with the

adjacency constraints.

Table 2. The harvest schedule for three planning periods for different sub-variants of
ComP-M according to harvest flow and gap tolerance.

Total Harvest in Harvest in Harvest in
Gap Resulted Elapsed time  Elapsed time
tolerance gap harvested 1st period 2nd period 3rd period of solver (s) of Optimal (s)
amount (m?) (m3) (m3) (m?)
The harvest flow difference 10%
1.00 x 1074 0.0022% 80,157 24,217 26,638 29,302 0.45 242
1.00 x 1073 0.0517% 80,157 24,217 26,638 29,302 0.40 230
1.00 x 1072 0.7606% 79,701 24,101 26,450 29,150 0.34 230
1.00 x 107! 7.8183% 76,182 23,016 25,317 27,849 0.25 233
The harvest flow difference 20%
1.00x 1074 0.0036% 88,051 24,183 29,031 34,837 1.57 236
1.00x 1073 0.0562% 88,029 24,193 29,018 34,818 0.55 235
1.00x 1072 0.5092% 87,910 24,154 28,980 34,776 0.41 245
1.00x 107! 9.1537% 82,753 22,737 27,280 32,736 0.27 232
The harvest flow difference 30%
1.00x 1074 0.0007% 91,216 22,867 29,722 38,627 2.24 244
1.00x 1073 0.0530% 91,216 22,870 29,724 38,622 1.97 239
1.00x 1072 0.6636% 91,108 22,877 29,674 38,557 0.50 240
1.00x 107! 9.6607% 87,141 21,882 28,375 36,884 0.21 234

Table 3. The harvest schedule for three planning periods for different sub-variants of
ComP-N according to gap tolerance.

Total Harvest in Harvest in Harvest in
Gap Resulted Elapsed time  Elapsed time
harvested 1st period 2nd period 3rd period
tolerance gap of solver (s) of Optimal (s)
amount (m?) (m?) (m?) (m3)
The harvest flow difference 10%
1.00x 10*  0.0089% 94,782 28,635 31,499 34,648 0.42 2557
1.00x 1073 0.0298% 94,778 28,635 31,497 34,646 0.36 2470
1.00x 102 0.8973% 94,309 28,494 31,341 34,474 0.27 2677
1.00x 107" 8.9499% 92,202 27,856 30,641 33,705 0.18 2531
The harvest flow difference 20%
1.00x 10*  0.0097% 104,231 28,635 34,362 41,234 0.58 2581
1.00x 1073 0.0097% 104,231 28,635 34,362 41,234 0.59 2624
1.00x 1072 0.8624% 103,384 28,404 34,082 40,898 0.49 2560
1.00x 107! 5.4827% 99,665 27,382 32,856 39,427 0.28 2591
The harvest flow difference 30%
1.00x 10%  0.0015% 108,675 27,239 35,408 46,028 7.68 2613
1.00x 1073 0.0948% 108,675 27,239 35,408 46,028 3.76 2634
1.00x 1072 0.5647% 108,436 27,188 35,330 45918 0.53 2547

1.00x 107" 7.9413% 103,564 26,112 33,676 43,776 0.18 2841
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Table 4. The harvest schedule for HfC (harvest-flow constraints) variant for 10%, 20% and
30% harvest flow and 1.00 x 107 gap tolerance.

Harvest Flow Total Harvested Harvest in 1st Harvest in 2nd Harvest in 3rd

Difference Volume (m%) Period (m?) Period (m?) Period (m?)
10% 136,326 41,190 45,303 49,833
20% 136,827 37,612 45,098 54,117
30% 137,260 34,440 44,705 58,115

The time differences between sub-variants are not important from practical point of view. But, there
are more important time differences between the sub-variants of ComP-M and sub-variants of
ComP-N (Tables 2 and 3). The elapsed time needed for the whole process of creating the adjacency
matrix under Neumann constraints, forming and solving the model, is approximately 10 times longer.
This is connected with the actual algorithms to search for neighbors and it can be marked as a critical
point of Optimal. The results confirm that increased computing speeds and improved commercial solvers
and accepting unlimited number of constraints by solvers of course enable the ability to solve
increasingly larger real problems [12]. However, there are so many factors, such as spatial structure,
planning horizon length, type of harvest scheduling model and also the age structure of forest [31], which
affect the solution time and efficiency.

The Table 4 presents harvest schedule for HfC variant for 10%, 20% and 30% harvest flow and
1.00 x 10 gap tolerance. These results are unrealistic because necessary adjacency constraints are
missing; however the results show that adjacency constraints (spatial structure respectively) have
significant effect on the total harvested volume. The total harvested volume suggested by different HfC
sub-variants is from 50% to 70% higher than comparable total harvested volume suggested by different
ComP-M sub-variants, which are the most realistic given the conditions of the Czech Republic.
Furthermore, it seems that adjacency constraints have greater effect on the total harvested volume than
harvest flow constraints. As is shown in Table 5, the total harvest volume over three planning periods
does not increase as much with increasing harvest flow difference such as in the case of ComP-M and
ComP-N variants. The significance of adjacency constraints is confirmed once more by the total harvest
volume suggested by AdC-M variant and AdC-N variant (Table 5). The adjacency restrictions are less
strict in the case of AAC-N variant and the total harvested volume is consequently higher than in the case
of AdC-M variant.

Table 5. The harvest schedule for AdC-M and AdC-N variants for 1.00 x 10~* gap tolerance.

Total Harvested Harvest in 1st Harvest in 2nd Harvest in 3rd

Amount (m®) Period (m%) Period (m%) Period (m%)
AdC-M 92,806 12,083 29,799 50,204
AdC-N 110,200 8,111 34,568 67,521

The presented options of harvest flow constraints could result in lower remaining total FMA volume
at the end of the planning horizon because a limit, not to harvest all the harvest units such as valuation
of ending inventory stand volume, is missing [32]. This means that for the harvest flow constrains
presented, harvest sustainability is not guaranteed for a longer planning horizon. Harvest flow constraints
need to be revised in the optimization models, or more planning periods should be scheduled. In addition,
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when adjacency constraints are included, there are many harvest units without harvesting and it is
possible to identify them for harvesting in subsequent, potential planning periods. Further, the next
potential harvest units should be created for the next potential planning periods because of their different
age, rotation age and regeneration period.

Another possibility on how DSS Optimal can be beneficial and helpful for decision-making in forest
management is presented in Figure 8. It shows that with increasing harvest flow, the total harvested
volume also increases. However, this progress is quite small, from 25% of harvest flow, and the change
in total harvested volume is insignificant from a practical point of view. Forest managers should choose
between perfect harvest flow and harvested volume maximization in the real planning situation.
However, with the presented information, forest managers can expect that the next increasing harvest
flow has no effect on harvested volume maximization.
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Figure 8. The relations between harvest flow percentage and total harvested volume for
ComP-M variant and 1.00 x 107 gap tolerance.

The graphical outputs of DSS Optimal are also important for forest managers. Figure 9 presents
spatial information about which harvest unit will be harvested and in which period. It is a big difference
from the conventional way of harvest scheduling in the Czech Republic as the CP cannot provide spatial
distribution of units to be harvested over the planning horizon. The choice of spatial location of
harvest units is therefore subjectively determined by forest managers causing failure to achieve
optimized harvests.
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Legend
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Figure 9. Graphical output of DSS (decision support systems) Optimal for ComP-M variant
for 10% harvest flow difference and 1.00 x 10~ gap tolerance.

4. Conclusions

The decision support system Optimal is a powerful system for harvest scheduling for the conditions
of the Czech Republic. Unlike systems used in other part of the world, the decision support system
Optimal includes tools for editing harvest units, which are restricted by Czech forestry law. It is
presented that there are obvious advantages compared to allowable cut indicators currently used in the
Czech Republic. This system is an alternative to conventional forest management plans used at the
present time in the Czech Republic. Using Optimal, the forest managers will be able to change
parameters and create various scenarios in a matter of minutes to find the best solution for them. As
Optimal allows creating and checking strict spatial limits of harvest units, it is possible to apply Optimal
not only in the Czech Republic but also in some other central European countries (e.g., Slovak Republic,
Poland, etc.) where the forestry law requirements of limited harvest units are similar. Optimal uses Java
SDK for ArcGIS desktop extensions. The future plan is to move from desktop solutions to server solutions
to make it accessible to forest managers, to reduce initial costs and the need of software installation.

In the next step, the decision support system Optimal will be developed for other management systems
and different non-productive functions such as biodiversity, water and soil protection, recreation, etc.
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Appendix

This appendix describes in detail the mathematical formulation of harvest scheduling model used in
DSS Optimal and the way the model is transferred to the Gurobi software (Gurobi Optimization, Inc.,
Houston, TX, USA).

Mathematical Formulation

A FMA consisting of I harvest units, each one with the homogenous structure indexed by i. As this
is a unit-restricted model [13] each binary variable in the model represents specifically one proposed
harvest unit designed for harvesting or not over the P planning period.

Binary variables x is indexed by the harvest unit identifier; i = 1, ...,[ and periodp = 1, ..., P.

1 if the unit i will be harvest in period p

Xy = 1
i 0 in other cases (1

One of these is that each unit can be cut just once per planned period. It can be generalized as:
ZP:
x, <1 Vi=L2,..,n )
< ()

where 7 is the number of harvest units.
A harvest volume is allowed to increase or decrease by a from period to period. This can be expressed
by the set of conditions regarding every pair of two consequential periods:

I 1
1+a) z Vip Xip < Z Vip+ DXip+1), VP =1,..., P 3)
i=1 i=1
I I
1-a Z Vitp - DXi(p—1) = z Vip Xip, VP =1, ..., P (€))
i=1 i=1

where « is the fractional difference permitted in the harvest level between two consequential periods p
and v;, is the volume of the wood in the unit i in the period p.

Conditions that originate in the spatial relations between the harvest units can be set down using
analytic algorithm [28]:
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M-x<A (5)
M=A+B (6)

where A: adjacency matrix; B: diagonal matrix in which the ith diagonal element bi: is defined by bi=A:-1
(Ai1s i-th row vector of adjacency matrix A); M: modified adjacency matrix; x: control vector for control
variables xip; 1 is an (n x 1) unit vector.

The objective function of optimization model is defined as:

I P
maxZ = Z z Vip Xip (7)

i=1p=1
Java programming code for the model transferring to Gurobi

package com.proforesters.solver;
/* k

* @author kaspar

%

*/

import gurobi.GRB;

import gurobi. GRBEnv;
import gurobi. GRBException;
import gurobi. GRBLinExpr;
import gurobi. GRBModel;
import gurobi. GRBVar;

import com.esri.arcgis.geodatabase.lFeatureClass;
import com.proforesters.optimal.OptimalExtension;

public class ClearCutSystemSolver {
public static double[] getSolution (int [][] matrix, int periodCount, int deviation, double [] []
objectiveMatrix, int [] patches, IFeatureClass featureClass, int [][] timeHarvest, int gapTolerance)

{

double [] results = new double [periodCount * matrix.length];

try {
GRBEnv env = new GRBEnv("mip1.log");

GRBModel model = new GRBModel(env);

double gT = gapTolerance * 1000

double doubleGapTolerance = gT/ 10000000;
model.getEnv().set(GRB.DoubleParam.MIPGap,doubleGapTolerance);

double decimalDeviation =((double)deviation)/100;

int finalCountOfRow = matrix.length * periodCount + matrix.length
+(2*periodCount — 2) + 1;
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int [] finalConstraints = new int [finalCountOfRow];
int [] sumRow = new int [matrix.length];
int [] diagElem = new int [matrix.length];
for (int 1 = 0; 1 < matrix.length; i++) {
for (int j = 0; j < matrix.length; j++) {
sumRow [i] += (matrix [1][j]);}}
for (int i = 0; 1 < matrix.length; i++) {
diagElem [i] = (sumRow [i])/2;}
for (int i = 0; 1 < periodCount; i++) {
for (int j = 0; j < matrix.length; j++) {
finalConstraints [1*matrix.length+j] = diagElem [j];}}
for (int 1 = matrix.length * periodCount; i < matrix.length * periodCount + 2 *
periodCount — 2; i++) {
finalConstraints [i] = 0;}
for (int i = matrix.length * periodCount + 2 * periodCount — 2; i < final CountOfRow
—Lith) |
finalConstraints [1] = 1;}
int sumOfPatchesVector=0;
for (int i = 0; i < patches.length; i++) {
sumOfPatchesVector += patches [i];}
for (int i = final CountOfRow — 1; i < final CountOfRow; i++) {
finalConstraints [i] = sumOfPatchesVector;}
int n = matrix.length * periodCount;
GRBVar [] x =new GRBVar|n];
for (int i = 0; i < matrix.length * periodCount; i++) {
String st = "x" + String.valueOf{(i);
x[1] = model.addVar(0.0, 1.0, 0.0, GRB.BINARY, st);}

model.update();

double [] objectiveVector = new double [periodCount * matrix.length];
for (int 1 = 0; 1 < periodCount; i++) {
for (int j = 0; j < matrix.length; j++){
objectiveVector [j+i*matrix.length] = objectiveMatrix [i][j];} }

GRBLinExpr expr = new GRBLinExpr();

for (int 1 = 0; 1 < matrix.length * periodCount; i++) {
expr.addTerm(objectiveVector[i], x[i]);}

model.setObjective(expr, GRB.MAXIMIZE);

int count = matrix.length*periodCount;
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for(int i = 0; i < periodCount;i++){
for (int j = 0; j < matrix.length; j++) {
expr = new GRBLinExpr();
for (int k = 0; k < matrix.length; k++) {
expr.addTerm(matrix[j][k], x[(matrix.length * 1) + k]);}
String st = "c¢" + String.valueOf((matrix.length * 1) + j);
model.addConstr(expr, GRB.LESS EQUAL, finalConstraints[j], st);}}

double [][] evenFlowMatrixUP = new double [periodCount-1][matrix.length *
periodCount];
for (int 1 = 0; 1 < periodCount — 1; i++) {
for (int j = 0; j < matrix.length * periodCount; j++){
evenFlowMatrixUP [i][j] = 0;}}
for (int i = 0; i < periodCount —+— 1; i++) {
for (int j = 0; j < matrix.length; j++) {
evenFlowMatrixUP [i][1*matrix.length+j] = —(1 + decimalDeviation) *
objectiveMatrix [i][j];}}
for (int i = 1; 1 < periodCount; i++) {
for (int j = 0; j < matrix.length; j++) {
evenFlowMatrixUP [i — 1][i*matrix.length + j] = objectiveMatrix
(G153}
for (int i = matrix.length * periodCount; i < matrix.length * periodCount
+(periodCount — 1); i++) {
expr = new GRBLinExpr();
for (int j = 0; j < matrix.length * periodCount; j++) {
expr.addTerm(evenFlowMatrixUP[i - (matrix.length *
periodCount)][j], x[j]);}
String st ="c¢" + String.valueOf(i);
model.addConstr(expr, GRB.LESS EQUAL, finalConstraints[i], st);}

double [][] evenFlowMatrixLO = new double [periodCount-1][matrix.length *
periodCount];
for (int 1 = 0; 1 < periodCount — 1; i++) {
for (int j = 0; j < matrix.length * periodCount; j++){
evenFlowMatrixLO [i][j] = 0;} }
for (int 1 = 0; 1 < periodCount — 1; i++) {
for (int j = 0; j < matrix.length; j++) {
evenFlowMatrixLO [i][i1*matrix.length + j] = — (1 — decimalDeviation)
* objectiveMatrix [i][j];}}
for (int i = 1; 1 < periodCount; i++) {
for (int j = 0; j < matrix.length; j++) {
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evenFlowMatrixLO [i — 1][i*matrix.length + j] = objectiveMatrix
[i10]:}}
for (int 1 = matrix.length * periodCount +(periodCount — 1); i < matrix.length *
periodCount + 2*(periodCount — 1); i++) {
expr = new GRBLinExpr();
for (int j = 0; j < matrix.length * periodCount; j++) {
expr.addTerm(evenFlowMatrixLO[i — (matrix.length * periodCount +
(periodCount — D)I[j], x[j]);}
String st ="c¢" + String.valueOf(i);
model.addConstr(expr, GRB.GREATER EQUAL, finalConstraints[i], st);}
for (int k=0; k < matrix.length; k++){
int [] oneForPeriodMatrix= new int [matrix.length * periodCount];
for (int j = 0; j < matrix.length*periodCount ; j++){
oneForPeriodMatrix [j] = 0;}
for (int j = 0; j < periodCount ; j++){
oneForPeriodMatrix [j * matrix.length + k] = 1;}
expr = new GRBLinExpr();
for(int j = 0; j < matrix.length * periodCount; j++){
expr.addTerm (oneForPeriodMatrix[j], x[j]);}
String st ="¢" + String.valueOf(200000+k);
model.addConstr(expr, GRB.LESS EQUAL, 1, st);}

patchesVector [] = new int [matrix.length * periodCount];
for (int 1 = 0; 1 < patches.length; i++) {
patchesVector [i] = patches [i];}
for (int i = finalCountOfRow — 1; i < finalCountOfRow; i++) {
expr = new GRBLinExpr();
for (int j = 0; j < matrix.length * periodCount; j++) {
expr.addTerm(patchesVector [j], x[j]);}
String st ="c¢" + String.valueOf(i);

model.addConstr(expr, GRB.LESS EQUAL, finalConstraints[i], st);

for(int i = 1; i < periodCount;i++){
for (int j = 0; j < matrix.length; j++) {
if(timeHarvest[i][j]==1){
for(intk = 0; k <1i;k++){

expr = new GRBLinExpr();
expr.addTerm(timeHarvest[i][j], x[j + matrix.length * (k)]);
String st = "a" + String.valueOf((matrix.length * 1) + j);

model.addConstr(expr, GRB.EQUAL, 0, st);}} }}
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model.optimize();

for (int i = 0; 1 < matrix.length * periodCount; i++) {
results [1] = x[i].get(GRB.DoubleAttr.X);}
for (int 1 = 0; 1 < periodCount; i++){double suma = O;for (int j = 0; j <
matrix.length; j++){
suma += results[i*matrix.length+j] * objectiveMatrix[i][j] ;} }

OptimalExtension.setResults (featureClass, results, periodCount);
model.update();
model.write("test.lp");
model.dispose();
env.dispose();
return results;

}+ catch (GRBException e) {

System.out.println("Error code: " + e.getErrorCode() + ". " +e.getMessage());
for (int i = 0; 1 < matrix.length * periodCount; i++) {
results [i] = 0;}

return results;} }
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1. Introduction

There are basically two main aspects of forest harvest-schedul-
ing: Space and time. The forest spatial structure refers to the spa-
tial arrangement of forest stands, harvest units or patches and
interconnections among them (Baskent and Keles, 2005). The spa-
tial structure plays important role in providing ecosystem services
(Kurttila, 2001) and cannot be omitted in forest harvest scheduling.
Temporal aspect is important for supplying good quality timber to
the market according to market demand and at the same time pre-
serving enough of it in the forest for the future.

The clear cut forest management system is commonly used in
the Central Europe because of its cost efficiency. For preserving
biodiversity and other non-timber forest products, the size and
spatial relationship of the clear cuts is usually limited by law.
The limitations can be expressed through four constraints: (1)
The maximum area of the clear cut unit. The default is 1 ha, which
is legal limit for clear cuts in the Czech Republic. (2) The minimum
distance between the two clear cut units harvested in the same
period, which is usually set equal to height of the forest stand.
This would prevent the remaining forest stands from being vul-
nerable by wind. (3) The maximum width of the clear cut unit,
which is usually set equal to legal limit of two heights of the forest
stand. (4) Adjacency relationship, which is usually set to not to
allow Queen’s case (see below) as this is an official limit included
in forestry legislation of the Czech Republic. Queen’s case neigh-
boring may be allowed in special cases where reconstruction of
forest stands has to be done faster than usual. A neighboring clear

* Corresponding author. Tel.: +420 22438 3796.
E-mail address: vopenka@fld.czu.cz (P. Vopénka).

http://dx.doi.org/10.1016/j.compag.2015.03.001
0168-1699/© 2015 Elsevier B.V. All rights reserved.

cut unit can only be harvested when the area is regenerated to the
point where it is stable forest stand again, so called green-up con-
straint (Bettinger et al., 2009). All these restrictions make harvest
scheduling model computationally difficult to solve even for quite
small forest management area. There are basically two possible
modeling approaches to solve our problem, Area Restricted
Models (ARMs) and Unit Restricted Models (URMs). It has been
proved that ARMs have number of advantages over URMs
(Richards and Gunn, 2000). For example higher values of total har-
vests or lower harvest flow percentages (Murray, 1999). However,
because of the harvest unit shape restrictions we used URM mod-
eling approach.

Today, most of the forest management plans can be designed
only with the use of geographic information systems (Baskent
and Keles, 2005). Over the last decade, there is increasing number
of approaches, which deal with spatial aspects of harvest schedul-
ing (Ohman and Eriksson, 2002; Ohman and Lamas, 2003, 2005;
Baskent and Kelles, 2006). A decision support systems for spatial
harvest optimization were developed, e.g. SNAP (Sessions and
Sessions, 1988) or HEUREKA (Wikstrom et al., 2011). Other solu-
tions used for this purpose like J-Software (Lappi and Lempinen,
2013) are rather development tools, not ready to use systems.
These systems can optimize the spatial distribution of the harvest
units, but lack the inbuilt editing and checking capabilities needed
for construction of harvest units. Law restrictions for clear cut
management system in number of countries are quite different,
making it difficult to adopt single solution. The main objective of
this paper is to develop a GIS tool to help forest managers with spa-
tial harvest planning, including algorithms for creating harvesting
units and estimating periodically harvesting flows.
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2. Components of the framework

Optimal is an extension of proprietary geographic information
system ArcGIS. It is combination of geographic information system
(GIS) tool and mixed integer linear programming (MIP) solver.
Optimal extension is designed for forest managers who have no
understanding of MIP or any mathematics used in the model.
However, basic knowledge of operating GIS is assumed. The basic
structure of the software is schematically described in Fig. 1.

The extension uses Add-In concept introduced with ArcGIS ver-
sion 10. The entire extension is packed into single file. When the
file is double clicked it copies itself to appropriate location within
ArcGIS installation directory. That way the extension is installed
and ready to use. User starts the work by adding geographic data
layer to ArcMap map composition. This can be either shapefile or
ArcGIS geodatabase feature class. The geographic data layer should
contain polygons of forest management units that are intended to
be harvested. The data table of this layer must contain information
about species and timber volume estimates per hectare for each
forest stand. The volumes are automatically increased between
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periods using growth models designed for Czech main tree species
(Cerny et. al., 1996). There is no specific requirement as far as the
names of the columns are concerned. User is required to select the
columns, which contain the data. After the user selects the col-
umns, the software performs validity check for numeric fields.
The user sets up constraints for construction of harvest units in a
special dialog box. The values depend on either legal restrictions
or on desired shape of the harvest units. These constraints for
the harvest units are: (1) minimal width, (2) maximal width, (3)
minimal area and (4) maximal area.

When constraints for editing are set, user can start editing.
System will automatically fill polygons with colours representing
adherence to the constraints, e.g. whether the harvest unit is too
large, or the harvest unit is too wide. That way the user has an
overview, which polygons still needs to be edited, and which are
already in line with the constraints that he chooses. The flow dia-
gram is shown in Fig. 2.

In principle the editing is performed by cutting polygons of for-
est stands into smaller harvest units. Every time, just before the
polygon is cut and resulting two new polygons saved to the

Forest
stands

Editing (cutting) the forest stand
polygons into harvest units

[ /- /

Harvest
units

Harvest
plans

Spatial and temporal
optimization

/4 p -4

for details see Fig. 2

for details see Fig. 4

Fig. 1. Basic schema of the software components and workflow.
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Fig. 2. Algorithm for manual editing forest stand polygons to produce harvest units.
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database, the area and width of newly created polygons is calcu-
lated and checked against the constraints. If one of the new poly-
gons is smaller or narrower than desired, user gets warning, the
action is rolled back and new polygons are not created. If the
new polygon is larger or wider then desired, then it is created any-
way, but the polygon in the map is filled with appropriate colour,
so that the user is notified that it still needs to be edited. We are
checking the small and narrow polygons, because it is not efficient
to harvest small forest patches.

The algorithm for checking width of the polygon uses inner buf-
fers. Before the new polygon is saved, an attempt to create tempor-
ary inner buffer is made within it. The size of the inner buffer is
equal to half of the minimal width set by the user. If it was impos-
sible to create such a buffer, then it is clear that the width of the
polygon is smaller than the desired minimal width. In such a case
the new polygon is not created. The same principle is used for
checking maximal width of the harvest unit polygon. However,
in this case we first derive convex hull of harvest unit polygon
and the inner buffer is constructed within the convex hull. If the
system is able to create inner buffer using half of the set maximal
width as a parameter for the buffer, then the convex hull of the
polygon is considered too wide. The principle is illustrated in
Fig. 3. If we set 25 m as a maximal width parameter for example,
then the polygon would be considered too wide with (Fig. 3B) or
even without (Fig. 3A) using the convex hull. However, setting
the parameter to 50 m, the polygon is adhering to maximal width
restriction with normal buffering (Fig. 3C), but not if we use the
convex hull principle (Fig. 3D). Then the polygon would be still
marked as if it needs further editing and would have to be cut to
smaller polygons.

The harvest unit may be divided by narrow linear feature such
as road, water stream, open area, or can be in a shape of crescent
(see Fig. 3). Using convex hull eliminates these irregularly shaped
harvest units to become large open areas. At this moment the con-
vex hull principle is used as a default and cannot be changed by the
user. In addition to harvest units, user can choose to include small
gaps of significantly smaller size than harvest units. These artificial
gaps are placed into large forest stands to create room for patches
of either natural or artificial regeneration. User can setup two con-
strains for gaps: (1) minimal width and (2) maximal width. These
gaps are treated differently not only when editing (cutting) the for-
est stands, but also when automatic optimization is performed.
These gaps should be harvested in the first period so that there is
a time for them to regenerate before the surrounding forest is
harvested.

As soon as all the forest stands aimed to be harvested have been
edited into harvest units or gaps, user sets up parameters for
optimization. These are: (1) Maximal distance of neighbors. The
harvest units that do not fall within the set distance from the

(A) (B)

(C) (D)

Fig. 3. An example of checking the maximal width of a polygon by constructing
inner buffer. (A) A polygon with 25 m inner buffer, (B) convex hull of the same
polygon with 25 m inner buffer, (C) polygon with 50 m inner buffer (in this case it
was not possible to create such buffer), and (D) convex hull of a polygon with 50 m
inner buffer.

source harvest unit are not considered to be neighboring harvest
units. This makes it possible to include not only harvest units shar-
ing border, but also harvest units that are within certain distance of
source unit. (2) Choice whether the user wants to include only
those polygons that are adjacent to each other so that they share
a common boundary, so called Rook’s case, or those that share
either a common boundary or just a common verteX, so called
Queen’s case (Cho and Newman, 2005). Principles are similar to
Moore and Neumann neighborhoods used in cellular automata
(Balzter et al., 1998). This choice is only available if maximal dis-
tance of neighbors is set to zero. If the distance is set to value larger
than zero then all direct neighbors are included. (3) Number of per-
iods for which the optimization should be performed. (4) Length of
a period in years. (5) Harvest flow (the differences in harvest vol-
umes between periods). The optimization tries to maximize total
harvest volumes over the periods. If the harvest flows would be lar-
ger than the one set, some of the harvest units are not assigned to
any of the periods. The flow diagram is shown in Fig. 4.

After parameters for optimization are all set, by push of a but-
ton the adjacency matrix is created and passed automatically to
solver, which performs optimization. The optimization package
Gurobi® (Gurobi Optimization, Inc., 2014) is used as a solver for
defined optimization model. It is directly linked to Optimal
through Java APL. The mathematical programming methods are
commonly used for solving harvest scheduling optimization
because of the computational efficiency (Pukkala, 2002). Special
kind of mathematical programming - mixed binary programming
has been used in Optimal. Each variable in the model represents
single harvest unit. Using binary variables the results for each har-
vest unit indicate whether it should be harvested in a given period
or not. The model has been described in detail in Kaspar et al.
(2013).

3. Case study

The case study is presented on 46.5 ha of mature Spruce forest
stands. It is based on real data, which is used with the agreement of
the forest management area owner, but to comply with the rules
for protection of personal data, it is not identified more specifically.
The stocking volume ranges from 264 to 758 m>/ha with the aver-
age 540 m>/ha and standard deviation 61 m>3/ha. The area has been
divided into 92 harvest units. Several scenarios of harvest flow per-
centages (i.e. the differences in harvest volumes between consecu-
tive periods) were created starting with 2% and going up to 100%
harvest flow. The other parameters were set to fixed values for
all scenarios: Maximal area of harvest unit 1 ha, Minimal area of
harvest unit 0 ha, Minimal width of harvest unit 25 m, Maximal
width of harvest unit 50 m, Harvest units were considered as
neighbors up to 25 m distance, Planning was optimized for 3 per-
iods each 10 years long. We did not include any artificial gaps in
this exercise.

The results of spatial and temporal optimization for one of the
scenarios are presented in Fig. 5, to show an example of graphical
output. All the scenarios, in terms of harvested volume per period,
are shown in Fig. 6. The differences in total harvested volume per
each scenario are shown in Fig. 7.

The results of the case study present various scenarios, which
can be used by forest manager to make well informed decision.
On one extreme the 2% harvest flow scenario results in approxi-
mately equal harvest volume compared between periods, but it
is for the cost of lower total harvest volumes (over the all periods).
On the other side, the 100% harvest flow scenario brings higher
total harvest volumes, but the harvest volumes are not equally dis-
tributed over the three periods. That would have negative conse-
quences on the forest enterprise economy. The operating costs
would not be balanced over the periods causing problems with
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inefficient use of human resources and machinery. There would be
also higher risk of forest damage due to over-aging of the forest
stands, wind, pests, etc.

The aim of any forest manager should be to find the balance
between high total harvest volumes and equality of the periodical
harvests. In our case study we can see possible equilibrium around
5% harvest flow (see Fig. 7). The harvest flow is still low, ensuring
equality of the volumes and the total harvest is already high
enough to be comparable to higher harvest flow percentages.

4. Results and conclusions

Results of optimization are presented in the form of easy to
understand map showing spatial distribution of harvest units in
individual harvesting periods (see Fig. 5). User can repeat the sim-
ulation with different parameters and compare results. Our case
study scenarios are built on various values of harvest flow.
However, scenarios can be also built around different spatial and
temporal constraints such as neighbor distances, number of peri-
ods and length of the periods.

We see the key value of Optimal software in bridging the gap
between scientific understanding of harvest planning and real
operational forest harvest planning. We involved forest managers
in the design process and tried to create user interface as simple
as possible to be understandable to anybody without prior knowl-
edge of the embedded algorithms. The main benefits of using
Optimal software are the speed in which the manager can create

various scenarios, less guesswork and biased estimations involved
in the decision process and compatibility with industry standard
formats (shapefiles).

There are some limitations with current version, which we plan
to overcome in next development. Optimal uses Java SDK for
ArcGIS desktop extensions. By using the ArcGIS desktop functions
for editing polygons we saved the development time, but at the
same time we bound the application to proprietary software. In
case the application should be used by forest managers who do
not have ArcGIS license, it would presents additional cost that
might limit the use of the application. Therefore our future plan
is to move from desktop solution to server/client solution where
the users will not be required to buy or even install anything on
their computers. The users will then interact with the application
through web browser. This will ensure easier and faster deploy-
ment of new versions, better monitoring of application use, but
most importantly larger base of application users.

The optimization software Gurobi® is used as a MIP solver. We
used academic version for the development and case study. In fur-
ther development we plan to include not only Gurobi®, but option-
ally also other solvers.

In terms of internal algorithms the future development should
go towards implementation of other forest management systems,
such as e.g. shelter wood system.

To conclude, we built the Optimal to help forest manager to
make well informed and efficient decisions faster than using tradi-
tional estimations.

Software availability

Name of software: Optimal. Extension is available on request
to: vopenka@fld.czu.cz, Kkasparj@fld.czu.cz. Developers: Petr
Vopénka, Jan Kaspar. Contact address: Czech University of Life
Sciences Prague, Kamycka 129, Praha 6 - Suchdol, Czech
Republic. E-mail: vopenka@fld.czu.cz, kasparj@fld.czu.cz.
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9 Diskuze

V soucasnosti jsou v CR pro stanoveni vyse mytni t&Zby pouZivany hlavné dva
tézebni ukazatelé — t€zebni procento a normalni paseka, jejichz pouziti je i zakotveno
Vv ptislusnych pravnich piepisech (zdkon o lesich ¢. 289/1995 Sb. a jeho provadéci
vyhlasky). Oba dva jsou odvozeny z modelu normalniho lesa, jehoz zakladnim
predpokladem je vyrovnana vékova struktura. Tyto ukazatele ale Vv podminkach
redlnych ve€kovych struktur lesnich porostii zajistit vyrovnanou vysi v jednotlivych
decenniich. Zaroven také nemohou explicitné zahrnovat jiné podminky hospodateni
dalezité pro plnéni i mimoprodukénich funkei lesa. Je jasné, Ze na rozdil od stavajicich
metod planovani mytnich tézeb metody operaéniho vyzkumu jsou lepSimi ndstroji
Vv soucasnych podminkach lesniho hospodarstvi (Marusak 2007).

Zakladni nedostatek soucasnych tézebnich ukazatell je to, Ze se pti vypoctu etatu
neberou v uvahu prostorové moznosti. Podminky pfifazovani holych seéi jsou v mnoha
zemich svéta povazovany za zakladni podminky planovani, které jsou ve vétsiné
pfipadt i striktné zakotveny v legislativé (McDill a kol. 2002). Zaroven ale tyto
podminky vyzaduji pouziti slozit€jSich algoritmli nutnych pro feSeni zadaného
problému. VyteSeni problémul planovani zahrnujici i podminky pfifazovani se¢i byva
Vv realnych podminkach ovlivituje nejen prostorova struktura (Konoshima a kol. 2011a),
ale 1 struktura vékova. McDill, Braze (2000) vychazeli ve své studii z ptfedpokladu, ze
¢im méné bude mytnich vékovych stupiili, tim bude mensi pravdépodobnost, ze tloha
bude mit feSeni, piipadné Ze toho feSeni se dosahne za delsi vypocetni ¢as nebo toto
feSeni bude mit hor$i vysledek ucelové funkce nez stejna tloha bez podminek
prostorovosti. Z vysledku prezentovanych v piedkladané diserta¢ni praci ale vyplyva, Ze
rozdil v modelech si bez podminek prostorovosti byl i v pfipadé lesniho celku
s prevahou mytnich veékovych stupiii minimalni. Model zahrnujici podminky
sousednosti ale poskytuje diky t€émto podminkdm mnohem komplexné€js$i a presnéjsi
vysledek. Rozdil ve vysledné veékové struktuie po 50 letech simulovanych tézebnich
zasahli byl ale nesrovnatelny s vysledky pfi pouziti souc¢asného téZebniho ukazatele
tézebni procento. Vysledna v€kova struktura pfi pouziti t€Zebniho procenta byla i po

téchto 50 letech znova nevyrovnana.

162



Prostorova struktura porostti nebo porostnich skupin, ptfipadné obnovnich prvka
hraje diky zakonnym pozadavkliim vyznamnou roli v celkové vysi mytnich tézeb. Pokud
se do modelu pfidaji jesté naroky plnéni jinych funkci lesa nez jen plnéni funkce
produkc¢ni, pak i sebemensi zména v podminkach nebo vstupnich datech mize
predstavovat velky rozdil ve vysledku. Jednou z moznosti jak zahrnout do planovani
environmentalni funkci nebo ptirodo-ochrannou funkci je vytvotreni bezzasahovych zon.
Zahrnutim podminky vytvoieni souvislych bezzasahovych prvk do dlouhodobéjsich
planovacich probléml vyrazné stoupne komplexita, ale i slozitost celého feSené¢ho
modelu (Ohman, Lamas 2005). Ale jen komplexné&jsi model mize poskytnout
komplexnéjsi vysledky, mtize skute¢né a spravné podpofit koneéné rozhodnuti (Pukkala
2002).

Ptedpoklad, Ze pti holose¢ném hospodarském zpiisobu nemusi byt celkova vyse
tézeb vyrazné mensi pfi ponechani urcité vymery bezzasahovych ¢asti, protoze uz jen
diky zakonnym limitim pfifazovani holych se¢i se nckteré obnovni prvky v ramci
planovaciho horizontu vibec ,,nevytézi“, se nepotvrdil. V piipad¢, ze by se nekladla
podminka vytvofeni souvislé bezzasahové Casti, pak by byl pfedpoklad spravny. Ale
Vv pfipadé€, Ze se pozaduje, aby jednotlivé bezzasahové prvky byly co mozna nejméné
rozfragmentovany, jsou vysledky prezentované V této praci v naprosté shodé se
studiemi napt. Ohman, Lamas (2005) nebo Ohman, Wikstrém (2008). Dokonce i
Vv piipadé, Ze jednou z celovych funkci nebyla maximalizace vytéZeného dfivi ale
maximalizace &isté soucasné hodnoty vytézeného dfivi (Ohman, Wikstrém 2008).
Vysledky byly ve vSech studiich vzdjemné srovnatelné a autofi dokézali, Ze vyrazngjsi
zména v ucelové funkci nastala pouze tehdy, pokud vaha ucelové funkce minimalizujici
celkovy obvod bezzasahové Casti byla velmi malé Cislo (v fadech tisicin). Na druhé
strané Ohman, Lamas (2003) dokazali, 7e seskupovani porostnich skupin do
souvislejSich oblasti miiZze mit minimalni vliv na celkovy podil probirek. Na rozdil od
téchto zminénych autorti, ktefi pouzili ur€itou skdlu vah pro vSechny pouzité¢ ucelové
funkce a porovnavali rizné kombinace, V pfistupu, ktery byl pouzit vramci této
disertacni prace, byly pouzity jednoduché dotazniky, které byly rozdistribuovany mezi
praktické lesniky, ale i Cleny akademické obce, a na zdkladé vysledkii byly pomoci
metody AHP vytvofeny kone¢né vahy pro jednotlivé ucelové funkce. Tento postup vice
odrazi skutecné priority odborné spoleCnosti pifi naplhovani vSech funkci lesnich

ekosystému.
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Vysledky tykajici se vytvoieni bezzasahovych zon, které by mély vytvofit vhodné
habitaty pro fadu savci, byly vyznamné ovlivnény faktem, ze vSechny pozité modely
byly typu URM (Murray 1999; Crowe a kol. 2003), protoze vysledny tvar
bezzasahovych prvki je velmi zavisly na tvarech jednotlivych obnovnich prvkii. Pouziti
ARM v realnych zakonnych podminkach CR je ale v sou¢asnosti nemozné.

Vytvéafeni homogennich bezzasahovych zon skladajicich se z mytnich nebo
prestarlych porosti nemize zcela popsat celkovou prostorovou strukturu z pohledu
ochrany a podpory biodiverzity, protoze jenom pestrd mozaika riizné starych porosti je
plnohodnotnou soucasti krajiny (Hunter, Schmiegelow 2011). Tato mozaika mize byt
ovlivnéna pozitivné ale i negativné nejen piirodnimi procesy jako jsou napiiklad
disturbance (Hlasny a kol. 2014), tak ale i pfimo managementovymi zasahy (Zeng a kol.
2004; 2009), jako jsou naptiklad pravé tézebni zésahy. Na dil¢ich vysledcich disertacni
prace bylo ukdzano, Ze je mozné vytvofit model planovani mytnich tézeb, ktery
zohlediiuje i prostorovou strukturu porosti vSech vékovych tfid. Pokud chceme
zahrnout do modelu kompozici, konfiguraci i tvar porostii a porostnich skupin, pak jsou
celkové te€Zby niz8i nez bez uvazovani téchto prostorovych aspektl. Pokud ale
sledujeme pouze jeden z téchto aspektil pti soucasné maximalizaci vytézeného dfivi,
rozdily jsou minimalni.

V obou dvou prezentovanych modelovych pfistupech pro optimalizaci téZeb se
zahrnutim environmentalni funkce bylo dokazano, Ze je mozné najit ur¢ité kompromisni
feSeni, pii kterém neni vyrazné snizena celkova téZba a zaroven je co mozna nejvice
plnéna 1 environmentdlni funkce lesnich ekosystémi reprezentovand vhodnou
prostorovou strukturou.

Vsechny modelové pfistupy zahrnujici plnéni 1 environmentalni funkce lesnich
ekosystému jsou v této praci zalozeny Cisté jen na prostorovych parametrech (tvar,
vymeéra, obvod) jednotlivych obnovnich prvkii a bohuzel v této chvili postradaji
informace napf. o vnitini struktufe porosti (difevinné slozeni, padni typ, apod.), které
hraji také velmi dulezitou roli v celkové hodnoté biodiverzity. Tyto aspekty by bylo
mozné zahrnout pomoci rozli€nych indext popisujici vnitini strukturu. Model by tak
urCité 1épe reprezentoval skutecny stav a byl by v tomto sméru komplexnéjsi.

Na dil¢ich vysledcich bylo dale prezentovano, Ze v ptipadé podrostniho
hospodaiského zptsobu, pfi kterém neplati zddné zakonné podminky piifazovani seci,

ma bezzdsahové uzemi vétsi vliv na celkovou vysi tézby nez pii holoseéném
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hospodaiském zpusobu a tento vztah plati i v piipad¢ Cisté souc¢asné hodnoty. Na druhé
strané, v ptipadé podrostniho hospodaiského zplsobu bylo pfi modelovych vstupnich
datech dokazano, ze prave i diky absenci prostorovych restrikci mize byt celkova vyse
tézeb mnohem v¢tsi nez v piipadé holoseéného hospodaiského zpusobu. Vzhledem
k stale vétSimu uplatiovani ptirod¢ blizkych hospodaiskych zptsobt je ¢im dal tim vice
akutni odvodit adekvétni modely planovani t€zeb i pro tyto péstebni postupy. Marusak
(2007) navrhl poprvé model optimalizace t€Zzeb pro podrostni hospodaisky zptsob,
ktery byl déle rozvinut v praci Konoshima a kol. (2011b), a prezentoval vyhody tohoto
modelu oproti souasnym postuptim, které jsou dovozeny od modelu normélniho lesa.
V jeho praci ale bohuzel chybi prostorovy aspekt.

Kromé jiného byly v praci také otestovany rtizné typy omezujicich podminek a
jejich vliv na celkovou vysi tézeb. Podminky plynulosti tézeb maji vétsi vliv na
celkovou vysi nez samotné podminky ponechani ¢asti urcité vymeéry lesnich porosti bez
zasahu.

Dalsim dtlezitym piinosem komplexnéjsich modeli prostorového planovani tézeb
je fakt, Ze takovéto modely ndm mohou pomoci lépe pochopit prostorové vztahy mezi
jednotlivymi obnovnimi prvky a zkoumat vlivy navrZzenych tézebnich zésaht na plnéni
funkci lesa (Bettinger a kol. 2003).

Bez modernich nastrojti vypocetni techniky by nebylo moZzné v realnych
podminkach lesniho hospodafstvi vytvofené modely aplikovat. Z tohoto divodu byla
nezbytnd implementace vybranych modelll prostorového planovani té€zeb do
vznikajicitho systému pro podporu rozhodovani, ktery je v souCasnosti vyvijen na
Katedie hospodaiské tipravy lesa Fakulty lesnické a dievaiské CZU v Praze.

Z vysledku je zfeyjmé, ze vyvinuty systém pro podporu rozhodovani piedstavuje
spojnici mezi veédeckymi poznatky z oblasti optimalizace a praktickym vyuzitim
Vv provoznich podminkach. Systém urychluje pifipravu vstupnich dat, pfedevS§im pak
editaci potencialnich obnovnich prvka. Rychlost samotného vypoctu nadefinovaného
modelu obecné zavisi na typu podminek, vstupni prostorové struktute, vstupni vékové
struktufe, délce planovaciho horizontu, ale samoziejmé¢ i na poctu obnovnich prvka
(McDill, Braze 2000). Diky modernim optimalizaénim nastrojim je dnes ale mozné
teoreticky fesit neomezené velky pocet proménnych 1 omezujicich podminek (Crowe a
kol. 2003). Navic bylo dokazano, Ze celkovy ¢as nutny pro feSeni problému je silné

zavisly na velikosti nastavené gap tolerance. Tento Casovy rozdil se projevi o to vice
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v ptipad¢ velkych a slozitych optimaliza¢nich uloh. Diky moznosti editace libovolnych
obnovnich prvkli a podobnosti hospodaiskych podminek muze byt vyvinuty systém

pouzit v celé stiedni Evropé, nejen v Ceské republice.
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10 Zavér a prinosy

Predkladana disertaéni prace se vénuje problematice prostorové optimalizace
mytnich tézeb. V ramci literarni reSerSe byla predstavena zakladni metoda operacniho
vyzkumu pro feSeni uloh prostorového planovani tézeb, a to je celoCiselné
programovani. Byly pfedstaveny zéklady této metody i dnes nejpouzivanéjsi algoritmy
pro feseni. Vedle této exaktni metody byly ve struCnosti predstaveny i tii nejb&znéjsi
heuristické metody — Monte Carlo metoda, Simulované zihani a Tabu search.

V dalsi ¢asti pak byly rozebrany zakladni prostorové aspekty optimalizace, typy
modelll prostorového planovéni, typy prostorovych podminek a podminek téZebni
vyrovnanosti. ProtoZze poznatky ziskané v priitbé¢hu studia problematiky prostorové
optimalizace tézeb vyustily do tvorby modelii implementovanych v soucasnosti
dokonceném systému pro podporu rozhodovani (DSS Optimal), byla v praci v kratkosti
prezentovana i architektura a vlastnosti téchto softwarovych nastroji.

Vysledky disertacni prace byly ¢astecné prezentovany piimo v praci, ¢aste¢né pak
vramci 6 odbornych publikaci, které¢ jsou soucasti prace. Na vysledcich byly
prezentovany vyhody studovanych metod operacniho vyzkumu oproti v soucasnosti
pouzivanym metodam stanoveni vySe mytnich tézeb — téZebni procento a normalni
paseka.

Zajistit vyrovnanost a plynulost téZzeb je velky problém na témét vetSin€ lesnich
hospodaiskych celkd, protoZze v soucasnosti pouzivané tézebni ukazatelé jsou zaloZeny
na modelu normalniho lesa. Skute¢né vékové struktury lesnich celkil jsou ovSem velmi
vzdalené od tohoto modelu. Modely linearniho programovani, metody a softwary pro
jejich feSeni jsou schopné vyrovnanost a plynulost tézeb zajistit, coz ovlivni vyznamné
hlavné ekonomiku daného lesniho podniku, protoze na té€Zby je navdzéna vétSina
vynosu ale i nakladd podniku. Dalo by se tedy i tvrdit, ze zajisténi vyrovnanosti a
plynulosti tézeb predstavenymi modely vyznamné plni i socidlni aspekty v danych
regionech, protoze diky tomu je mozné nabidnout praci s vétsi stabilitou a na delsi
¢asové horizonty.

Modely a metody opera¢niho vyzkumu jsou pouzitelné pro planovani mytnich
tézeb bez ohledu na velikost hospodaiského celku, jeho prostorovou ¢i vékovou

strukturu nebo ptirodni podminky a je mozné do nich zaclenit fadu individudlnich
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pozadavkl vlastnika ¢i1 hospodafe, piipadné dalSich subjektt, které se podileji na
vytvareni lesniho hospodarského planu.

Modely a metody operacniho vyzkumu implementované v né€jakém softwaru se
mohou stat i soucastmi kontrolnich mechanisml organti statni spravy piipadné mohou
slouzit jako dulezity podklad pro znalecké posudky pii prodeji lesniho majetku,
pfipadné v soucasnosti velmi aktualnich restitucich.

Studovana problematika je velmi Sirokd a fada poznatkli je doposud pouze
teoretickd, vyzadujici si dalSi testovani a analyzy na redlnych vstupnich datech.
MozZnosti jak navazat na tuto disertacni praci dalS$im vyzkumem je tedy mnoho. I pfesto
dilgi vysledky dokazuji, Ze tento smér ve vyvoji metod planovani mytnich tézeb v CR
ma své opodstatnéni. Velkou prekazkou pro §ir$i uplatnéni v provozni praxi v CR je
bohuzel soucasna lesnicka legislativa, kterd nepfipousti jiné metody stanoveni vyse
mytni tézby neZ jiz zminéné tézebni ukazatele téZebni procento a normalni paseku.
Nicméné¢ 1 soucasna legislativa pfipousti pii vypracovavani LHP urcité mozné
odchyleni se od stanovenych hodnot, pfedevsim pak nedotézeni maximalni vyse tézeb.
Uvedené modely a metody, pfipadné softwary tedy mohou poslouzit jako dalsi
prostfedek stanoveni vySe mytni t€Zby, na zdklad¢ kterého se dany tvirce LHP snazi

predepsat mytni tézbu v zdkonem povolenych limitech.
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