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Path planning for virtual reality

Path planning in general is a well known problem that has been extensively studied in many
scientific disciplines. It defines a task of finding a path between two given spots in an abstract
environment representation so that the path satisfies certain criterion of optimality, e.g. the
shortest path, the fastest path or the path with maximal clearance among all obstacles.
Although there are many methods solving this task, they usually assume the examined space
does not change and is completely known in advance. Today’s applications, however, do not
have to meet these requirements, especially in case of virtual reality or computer games.
Therefore, this thesis proposes a general model for the real-time path planning in a dynamic
environment. It uses a regular triangulation for dynamic space subdivision and a heuristic
algorithm providing fast way to find a path among all obstacles registered in the triangulation.
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Kapitola 1

Uvod

Hledéni cest je jednou ze zékladnich a také nejznaméjsich problematik v oblasti teorie grafu.
Vétsina algoritmu fesicich tento problém nachazi uplatnéni v Sirokém spektru védeckych
disciplin a oblasti, napf. v poc¢itacovych sitich, teorii optimalizace nebo pii navrhu datovych
struktur. S rostouci naro¢nosti modernich aplikaci se v8ak objevuji problémy, které ¢asto velmi
omezuji a v nékterych pripadech dokonce znemoznuji pouziti konvencénich algoritmu. Tyto
algoritmy obvykle predpokladaji, ze prostiedi, ve kterém pracuji, je statické a predem znamé,
ale v pripadé virtudlni reality nebo modernich pocitacovych her jsou tyto vlastnosti spise
vyjimkou. Pro takové typy aplikaci je potom nutné modifikovat konvenéni metody, piipadné
definovat zcela nové piistupy.

1.1 Cil projektu

Projekt feseny v ramci této diplomové price navazuje na autorovu bakalafskou préci [Bro0O6a],
ktera se zabyva obecnym hleddnim cest v dynamickém, piipadné pfedem nezndmém prostiedi.
Nabidka modernich aplikaci vyzadujicich nalezeni cesty v takovych podminkéch je ale velmi
rozmanitd a pro ziskani efektivniho feseni je nutné tuto obecnou definici upfesnit. Tento pro-
jekt se zaméiuje na hledani cest v pocitacovych hrach, konkrétné na navigaci umeélé inteligence
(protivnici, pomocnici, autopiloti apod.), z ¢ehoz plynou nasledujici pozadavky a doporuceni:

e Prostiedi v pocitacovych hrach muze byt statické (terén, budovy) i dynamické (hern{
postavy, vozidla). Systém pro hleddni cest by mél tyto skupiny oddélovat pro ziskani
vetsi efektivity (statické prostfedi muze byt predzpracovano), ale zdroven umoznit
zménu statickych prekazek na dynamické a opacné.

o Kromé déleni piekazek na statické a dynamické musi systém predpoklddat také moznost
objeveni nové prekazky nebo zruseni nékteré existujici.

e Pohyb dynamickych prekdzek muze byt deterministicky (napf. letici asteroidy), ale také
nedeterministicky (napf. protivnici v sit’ové hie). Také zde by mél systém predpoklddat
a oddélovat obé varianty.

e V piipadé pocitacovych her je Casto zbytecné vyzadovat optimélni feSeni. V umélé
inteligenci je naopak doporuc¢ovano pouziti tzv. tolerate imperfection [Al Depot], tedy
“simulace nedokonalosti”, napf. u poc¢itacovych protivnika. Navrhovany systém by tedy



mél (opét z hlediska efektivity) dat pfednost rychlosti pfed optimalitou vysledku. Navic
si lze predstavit pfipady, kdy pouziti non-optimal ptristupu nijak neovliviiuje dojem
ze ziskaného TeSeni, napt. ve hrach pii hledani cest pro avatary, které hra¢ v danou
chvili nevidi.

Cilem projektu je tedy vyvoj systému! pro hledani cest (tzv. path planning engine), ktery
bude slouzit k pseudooptiméalni navigaci v prostoru s dynamickymi i statickymi prekdzkami,
pricemz prekazky v prostoru mohou pfibyvat nebo ubyvat a u dynamickych prekazek se
predpokladd deterministicky i nedeterministicky pohyb. Systém samotny bude zajist’ovat
vytvofeni a spravu urcité vnitini reprezentace prostiedi pro hledani cest, samotné nalezeni
cesty a navigaci po této cesté s piipadnou zpétnou vazbou.

1.2 Predchozi vyzkum

Puvodni systém vyvijeny v rdmci bakalaiské prace [BroO6a] navazoval na projekt pro plédno-
véani cest v dynamickém, predem nezndmém 2D prostiedi ([AGO5], viz obrézek 1.1), ktery byl
zalozen na dvou zdkladnich strukturach:

e 2D matice uchovavajici hodnoty tzv. potencidlového pole prekazek, tedy matice, ve které
hodnota kazdé buiiky odpovida vzdélenosti této buiiky od nejblizsi pirekézky. Tyto hod-
noty jsou ziskdny pomoci techniky image distance transform (IDT) popsané v [AGO5].

e Graf podobny struktufe quadtree, ktery se dynamicky adaptuje nad matici potencidlo-
vého pole podle jejich hodnot. Konkrétné se zjeminuje v mistech s vyssim potencidlem
a naopak zjednodusuje v mistech s nizsim potencidlem. Hrany tohoto grafu pak slouzi
k nalezeni samotné cesty.

Ve spolupréci s autory projektu (Dr. Marina Gavrilova? | Ing. Russel Ahmed Apu® )
z University of Calgary v Kanadé bylo implementovano rozsiteni do 3D s vyuzitim adaptivni
3D struktury (viz obr. 1.2), kterou pfipravil Ing. Pfemysl Zitka [Zit06] v rdmci diplomové
prace na ZCU. Prvni vysledky této spoluprace pak byly prezentovdny na Central European
Conference on Computer Graphics [BroO6b] (viz piiloha D). Jak se ale ukdzalo pii dalsim
vyzkumu, mapovani piekazek do 3D matice potencidlového pole je ptili§ casové naro¢né na to,
aby mohla byt tato operace provadéna za béhu pii kazdém pohybu prekazky. Blizsi informace
o navrhu, implementaci a vysledcich tohoto piistupu jsou uvedeny v kapitole 3.

'V nésledujicich kapitolach se pod pojmem systém (hleddni cest) vzdy rozumi skupina metod a datovych
struktur pro hledani cest.

?marina@cpsc.ucalgary.ca

3raapu@ucalgary.ca



Obrézek 1.1: Ukdzka puvodniho projektu [AG05] pro hledani cest ve 2D
(vlevo mapa prekazek, uprostied mapa hrozeb, vpravo vysledny adaptivni graf)

Obrézek 1.2: Ukazka projektu bakalaiské préce [BroO6a]
(vlevo ukdzkové scéna, uprostied potencidlové pole, vpravo vysledny adaptivni graf)



1.3 Zvolené reSeni

Kvuli zminénym nedostatkim ptuvodniho feSeni bylo nutné zvolit pro nas systém jiny zpusob
déleni prostoru pro ménici se data. Vzhledem k pozadavkim uvedenym v podkapitole 1.1
byla jako nejvhodnéjsi feSeni zvolena regularni triangulace, kterou ve své diplomové praci
[Zem07] implementoval a analyzoval Ing. Michal Zemek* . Triangulace v pocitacové geometrii
slouzi, velmi zjednoduSené FeCeno, k nalezeni nejbliz§ich dvojic ve vstupni mnoziné bodu
(v roving, v prostoru). Reguldrni triangulace, zobecnéni tzv. Delaunayovy triangulace, navic
uvazuje vahu vstupnich bodu. Tato vlastnost je v projektu této diplomové prace vyuzita pro
reprezentaci velikosti, pfipadné miry nebezpeci prekazek, mezi kterymi se hleda bezkolizni a
"bezpecnd” cesta. Adaptace na zmény ve scéné je pak zajisténa priddvéanim/ubirdnim bodu
triangulace a vlastnim algoritmem pro preplanovani jiz nalezené cesty pfi zméné ve vstupnim
grafu [Bro07]. Detailni popis ndvrhu, implementace a vysledku analyzy tohoto Feseni lze najit
v kapitolach 4, 5 a 6.

1.4 Organizace textu

Text je rozdélen do 7 kapitol véetné této uvodni. Kapitola 2 je vénovana teorii hledani cest,
definuje zakladni pojmy, poskytuje piehled konvenénich algoritmu pro feSeni tohoto problému
a predstavuje nékteré moderni pristupy k hledani cest v dynamickém prostiedi. V kapitole
3 je strucéné popsan puvodni systém pro hleddni cest spolu s duvody, pro které byl tento
pristup shledan jako neefektivni. Kapitola 4 potom predstavuje nové feSeni a definuje pouzité
datové struktury a algoritmy, jejichz implementace je nasledné popsana v kapitole 5. Kapitola
6 je vénovana analyze zvoleného feSeni a jeho implementace, predstavuje metody testovani
a ziskané vysledky. Kapitola 7 nakonec shrnuje tyto vysledky, splnéni vytéenych cili a naz-
nacuje dalsi mozné sméry vyvoje v této problematice. Zavér dokumentu pak nabizi prehled
pouzitych zkratek, pouzitou literaturu a rejstitky. V ptiloze jsou nakonec k dispozici ukazky
testovaci aplikace, uzivatelskd a programdatorskd dokumentace a autorovy ¢lanky z konfe-
renci Central European Conference on Computer Graphics, Spring Conference of Computer
Graphics a ze soutéze ACM Students Research Competition®.

4mzemek@kiv.zcu.cz

SPréce ziskala v roce 2006 3. misto v ¢esko-slovenském findle soutéze.



Kapitola 2

Teorie

2.1 Definice problému

Planovéni cest (path planning) v nasem kontextu definuje problém nalezeni optimélni cesty
mezi dvéma konkrétnimi misty v urcité abstraktni reprezentaci prostiedi. Pojem hledéni cest
(path finding) pak byva v literatufe s touto problematikou nékdy interpretovan jako provedeni
pohybu po naplanované cesté se zpétnou vazbou pro pldnovaci modul, tzv. path planner.
V nasem pripadé oznacuje planovani i hledani cest obecné celou problematiku a vyznam
téchto pojmu se tedy nerozlisuje. Pod pojmem awvatar pak rozumime konkrétni entitu, ktera
provadi napldnovany pohyb (napft. protivnik v pocitacové hie).

Kazdy z algoritmu pro hledani cest je zalozen na urcité abstraktni reprezentaci prostiedi,
ve kterém pracuje. Typu reprezentace je nékolik a my si je popiseme v sekci 2.3 této kapitoly.
Na kazdou takovou reprezentaci lze ale obecné nahlizet jako na urcity graf G(V, E) , kde V je
kone¢nd mnozina uzlu odpovidajicich ur¢itym stavium a E je mnozina hran spojujicich uzly
grafu. Hodnoty n = |V|, resp. m = |E| pak predstavuji pocet uzli, resp. hran. Hrany grafu
navic mohou byt orientované nebo neorientované a potom plati

EC <‘2/> pro neorientované grafy

E c V2 pro orientované grafy

Kromé takto definované struktury se dale ¢asto popisuji vlastnosti jednotlivych elementu
grafu, nejcastéji redlnou funkci w tak, ze

w : V — R pro uzlové ohodnocené grafy
w : E — R pro hranové ohodnocené grafy

V problematice planovani cest se obvykle uvazuji pouze hranové ohodnocené grafy. Ty
lze navic prevést na uzlové ohodnocené grafy a naopak. Mezi dalsi dulezité vlastnosti grafu
(podle [AI Depot]) pak patii:

Hustota propojeni reprezentuje mnozstvi hran v grafu. Jde o velice dulezitou vlastnost
piedevsim z hlediska slozitosti algoritmii, kterd mize byt O(m) nebo napt. O(m?).
Grafy s vysokym poctem hran byvaji oznacovany jako husté (dense graphs), zatimco
grafy s nizkym poctem hran jako #idké (sparse graphs).



Homogenita ohodnoceni urcuje, zda maji hrany ptiblizné stejnou vahu. Rovnomeérné rozdé-
leni vah je v cizojazyéné literatufe oznacovano jako homogeneous edge costs, naopak
nerovnomeérné rozdéleni vah je oznacovano jako irregular edge costs.

Logickd/ndhodnd propojeni oznacuji, zda jsou uzly grafu propojeny v uré¢ité logické struk-
tufe nebo ¢isté ndhodné. Také tato vlastnost je dulezitym faktorem vysledného chovani
algoritmu a je dobré vzit ji v Gvahu pii testovani.

2.2 Klasifikace algoritmu

Problém hledédni cest je zkoumén od samotného pocatku teorie grafi a pro jeho feSeni dnes
existuje nepreberné mnozstvi algoritmu a technik, které je potfeba urcitym zpusobem klasi-
fikovat. Nasledujici seznam predstavuje nejvyznamnéjsi charakteristiky a pozadavky, podle
kterych lze algoritmy pro planovani cest rozliSovat.

v~z

e Nejdulezitéjsim faktorem pro klasifikaci je rozsah hledanych feSeni, jinymi slovy to,
zda ma konkrétni algoritmus slouzit k nalezeni jediné cesty mezi dvéma danymi uzly
(single-pair algoritmy ), k nalezeni v3ech cest z konkrétniho uzlu (single-source algoritmy)
nebo k nalezeni cest mezi vSemi uzly grafu (all-pairs shortest path).

vvvvvv

prostiedi, ve kterém tyto algoritmy pracuji. Mezi tyto vlastnosti patii reprezentace
prostiedi, jeho predbézna znalost nebo zda jde o statické, resp. dynamické prostiedi.
Jelikoz je prostiedi nejcastéji reprezentovano grafem, rozlisuji se déle vlastnosti grafi,
napft. moznost zaporného ohodnoceni, hustota apod.

e 7 hlediska avatara, ktery bude navigovan konkrétnim systémem, je nutné zvazit, zda
jde o avatara zanedbatelné velikosti nebo zda je nutné uvazovat jeho rozmeéry.

e Predevsim v pripadé aplikaci, jejichz prostfedi se muze prubézné meénit, je dulezité
rozhodnout, zda je tikolem algoritmu nalezeni kompletni cesty nebo jen jeji ¢asti.

e Je dobré zvazit, zda bude pfipravovany systém slouzit k nalezeni cesty pro jediného
avatara nebo k soucasné navigaci vice avatari, napt. u strategickych her. Takové
typy systému jsou obvykle oznacovany pojmem multi-agent path planning.

e 7 hlediska aplikaci, které davaji prednost rychlosti pred kvalitou vysledného feSeni,
mohou byt pouzité algoritmy rozdéleny podle toho, zda slouzi k nalezeni optimalni
nebo suboptimalni cesty (t-optimal path planning).

Jak jiz bylo zminéno v dvodni kapitole, zdkladnim problémem pfi pouziti konvenénich
pristupu pro hledani cest v modernich aplikacich je fakt, ze jsou tyto metody navrzeny pro sta-
tické, neménné prostiedi. Algoritmy popisované ve zbytku této kapitoly jsou proto rozdéleny
na algoritmy pracujici ve statickém (sekce 2.4) a dynamickém prostiedi (sekce 2.5).

2.3 Reprezentace prostredi

Abstraktni reprezentace prostiedi, nad kterou pracuji algoritmy hledani cest, je nejcastéji
klasifikovana do néasledujicich t¥id:



Grafova reprezentace popisuje dané prostiedi koneénou mnozinou stavi, mezi kterymi se
1ze pohybovat po definovanych hrandch (viz obr. 2.1). V tomto piipadé odpovidaji stavy
diskrétnim bodum v n-rozmérném prostoru (v nasem piipadé jsou to nejcastéji polohové
soufadnice ve 3D).

Rastrova reprezentace definuje prostiedi koneénou mnozinou hodnot v matici, kterd svou
dimenzi odpovida dimenzi reprezentovaného prostoru. V takovéto diskrétni reprezentaci
pak algoritmy hledéni cest postupuji po jednotlivych bunkach matice (viz obr. 2.2).

Virtualni realita ani pocitacové hry obvykle neposkytuji reprezentaci prostiedi, ktera by
okamzité umoznila pouziti nékterého z algoritmu hledani cest. Obecné lze predpokladat, ze
k dispozici je pouze seznam piekdazek, pfipadné definice jejich tvaru. Strukturu pro hledani
cest je pak nutné uréitym zpusobem ziskat pravé z téchto informaci.

V piipadé grafové reprezentace jsou Casto pouzivany tzv. grafy viditelnosti (wvisibility
graphs). Mnozina uzlu grafu viditelnosti odpovida vrcholum jednotlivych prekazek a hranami
jsou pak spojeny ty uzly, které bud’ lezi na jedné hrané pfekazky nebo se vzajemné "vidi”, tedy
pokud piimka spojujici tyto uzly neprochéazi zadnou z prekazek. Priklad grafu viditelnosti lze
najit na obr. 2.1. Pro upfesnéni dodejme, zZe mezi vrcholy piekazek jsou obvykle zatazeny
také body, mezi kterymi ma byt nalezena cesta (na obr. 2.1 oznaceny jako s a t). Kromé
grafu viditelnosti se dale pouzivaji ruzné struktury pro déleni prostoru [Sam90], napiiklad
tzv. quadtrees, octrees, kD-trees, BSP trees nebo rtzné triangulace’.

U rastrovych reprezentaci existuje nékolik zptusobu, podle kterych lze interpretovat hod-
noty v dané matici. Nejjednodusi variantou je pouziti logickych hodnot urcujicich, zda se
v oblasti odpovidajici dané bunce v matici vyskytuje néktera prekazka. V takové matici
pak lze jednoduse najit bezkolizni cestu mezi danymi body prochazenim bunék s hodnotou
false. Mnohem ¢astéji se viak vyuziva tzv. IDT? technika, kterd v buiikdch matice uchovava
vzdalenost stfedu této bunky od nejblizsi prekazky. Vytvaii tak urcité potencidlové pole,

< o v

prekazkami.

2.4 Staticky path-planning

2.4.1 Single source algoritmy

Single source algoritmy slouzi k nalezeni optimalnich cest z daného vychoziho uzlu do vsech
ostatnich uzlu grafu. Takové Feseni je nejcastéji reprezentovano tzv. minimélni kostrou (mini-
mum spanning tree nebo MST) grafu, kterd obsahuje veskeré uzly grafu a podmnozinu hran
potiebnych pro vSechny cesty (viz obrazek 2.3). Optimalni cestu do konkrétniho uzlu grafu
lze uréit prichodem této stromové struktury smérem ke kofeni. Zikladnim pifstupem? pro
nalezeni MST je tzv. relaxace [AI Depot], kterd prochézi hrany grafu a testuje vzdélenost
jejich koncovych uzli od uréitého vychoziho uzlu. Pokud do koncového uzlu vede kratsi cesta
pravé pres tuto hranu, je hrana oznacena jako soucast kostry. Algoritmus konéi ve chvili,
kdy nelze najit kratsi cestu do zddného z vrcholu grafu. Postup konstrukce je predstaven
v pseudokédu 2.1.

L0 triangulacich budeme blize hovofit v sekei 4.2.

s

37 dalsich metod konstrukce MST uved’me pro zajimavost tzv. Primiiv algoritmus [Ski97].



Obrazek 2.1: Graf viditelnosti
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Obrazek 2.2: Hledani cest v rastru



Algoritmus 2.1 Konstrukce minimalni kostry

Vstup: graph obsahujici koneé¢nou mnozinu uzla a hran
Vstup: root je jednim z uzla grafu graph
root.parent «— NULL
root.distance «— 0
for all node in graph.nodes do
node.parent «— NULL
node.distance < inf
end for
while graph neni kostra do
for all edge in graph.edges do
dist < edge.start.distance + edge.weight
if edge.end.distance > dist then
edge.end.parent < edge.start
edge.end.distance «— dist
end if
end for
end while

Obrazek 2.3: Ukdzka minimalni kostry v orientovaném, hranové ohodnoceném grafu
(vlevo puvodni graf, vpravo minimélni kostra pro kofenovy uzel A)



Ackoliv je casova slozitost této metody O(2™), algoritmy s nizsi slozitosti jsou zalozeny
pravé na konstrukci MST. Profesor Edsger W. Dijkstra v roce 1956 formalizoval problém
nalezeni optimélni cesty v grafu a predstavil jeho feseni (pro grafy s kladnym hranovym
ohodnocenim), které bylo v roce 1986 zobecnéno v tzv. prototypu algoritmu hledani cest. Ten
vyuziva tzv. seznam otevienych uzli, tedy uzla uréenych k dalsimu zpracovani. Na zacatku
vypoctu je do seznamu vlozen pocateéni uzel hledané cesty. Dokud jsou v seznamu uzly, algo-
ritmus vybira jeden z nich (odebird jej ze seznamu) a pro vSechny jeho sousedni uzly testuje,
zda do nich nevede kratsi cesta pravé pies néj. Pseudokdd vypoctu je uveden v algoritmu 2.2,
realizace metod Insert a Select je prostorem pro upravy v konkrétnich algoritmech.

Algoritmus 2.2 Prototyp algoritmu hledani cest
Vstup: graph obsahuje kon. mnozinu uzli a hran
Vstup: root je jednim z uzlu grafu graph
Vstup: list je prazdny seznam uzli
list.Insert(root)
while [ist nen{ prazdny do
node « list.Select() {Vybrany uzel je ze seznamu odstranén}
for all edge in graph.edges do
if edge.end.distance > dist then
edge.end.parent «— edge.start
edge.end.distance «— dist
list.Insert(edge.end)
end if
end for
end while

Dijkstruv algoritmus metodu Insert viubec nevyzaduje a k vybéru nésledujicitho uzlu
ke zpracovani vyuziva tzv. greedy ptistup - vzdy je vybran uzel, ktery je nejblize po¢atetnimu
uzlu. Pokud je metoda pro vybér nejblizsitho uzlu realizovana linedrnim prohledavanim, je
jeji slozitost O(n) a slozitost celého algoritmu potom O(n?), proto byly déle piedstaveny
datové struktury pro snizeni slozitosti metody Select, napi. d-Heaps [Epp94]. V piipadé
grafu, kde muze byt ohodnoceni hran také zaporné, lze pouzit Bellman-Forduv algoritmus
[Ski97] s ¢asovou slozitosti O(m.n), kterd se vsak u grafu s vysokou hustotou propojeni uzlu
blizi O(n?).

2.4.2 All-pairs shortest path algoritmy

Jak je patrné z nazvu, all-pairs shortest path algoritmy hledaji optimalni cesty mezi vSemi
uzly grafu. Narozdil od pfedchozi skupiny algoritmu by vSak byla tvorba n minimélnich
koster velmi pamét’ové narocna, proto se v tomto piipadé ¢asto hovoii o tzv. all-pairs shortest
distance algoritmech, které poskytuji pouze vzdéalenosti optimdlnich cest mezi jednotlivymi
uzly. Tyto hodnoty jsou uchovavany v matici fadu n, u neorientovanych grafi je pak mozné
vyuzit symetrie a uchovavat pouze polovinu hodnot.

Naivni implementaci pro tento typ algoritmii je mozné ziskat aplikaci Dijkstrova algo-
ritmu, resp. Bellman-Fordova algoritmu na kazdy uzel grafu s vyslednou ¢asovou slozitosti
O(n?), resp. O(n*). Nejznaméjsim algoritmem v této t¥idé je pak Floyd-Warshalliiv algoritmus
[Ski97], ktery postupné upravuje hodnoty tzv. distancni matice (fddky/sloupce predstavuji
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jednotlivé uzly a hodnoty v matici pak vzdalenost mezi nimi; vzdélenost mezi uzly u a v
oznac¢me D(u,v)) tak, aby platilo

D(u,v) = min(D(u,v), D(u,w) + D(w,v)),Yw € V

V pseudokédu 2.3 lze vidét, ze Floyd-Warshalliiv algoritmus pracuje se slozitosti O(n?).
Tento postup lze navic pouzit také u grafu se zdpornym ohodnocenim hran (ovSem bez z&-
pornych cyklu).

Algoritmus 2.3 Floyd-Warshalluv all-pairs shortest path algoritmus

Vstup: d distanéni matice grafu
Vstup: graph obsahujici koneé¢nou mnozinu uzli a hran
for ©+ = 0 to graph.nodes.count do
dfi][i] <0
end for
for all edge in graph.edges do
dledge.start][edge.end] «— edge.weight
end for
for k = 0 to graph.nodes.count do
for ¢ = 0 to graph.nodes.count do
for 7 = 0 to graph.nodes.count do
dfillj] — min(d[ilj], dli][k] + d[k][j])
end for
end for
end for

Prolomeni kubické slozitosti u algoritmt pro nalezeni cest mezi vsemi uzly grafu se ukazalo
byt velkym problémem. V roce 1977 byl predstaven algoritmus, ktery kombinuje Dijkstriuv a
Bellman-Forduv algoritmus a za pfedpokladu tidkého orientovaného grafu bez cyklu pracuje
se slozitosti O(n?logn + m.n). Bez téchto predpokladi ale mize byt kubick slozitost pro-
lomena pouze aproximaci nejkratsi cesty. Aproximace nejkratsi cesty je oznacovana pojmem
t-optimalni cesta, ktery byl definovan v sekci 2.2. Takova cesta muze byt nanejvys t-krat horsi
nez cesta optimalni, napt. t-krat delsi. V roce 1997 napt. pfedstavili Dor, Halperin a Zwick
efektivni algoritmus pro nalezeni 3-optimélni cesty [DHZ00].

2.4.3 Single pair shortest path algoritmy

Zakladni variantou path planningu jsou single pair algoritmy, jejichz tkolem je nalezeni op-
timéln{ cesty mezi dvéma danymi uzly. Vysledné feseni pak miize byt reprezentovano bud’
posloupnosti hran nebo uzlu. Nejzndméjsimi algoritmy v této tiidé [Ski97] jsou prohledavéani
do hloubky (depth first search nebo jen DFS) a prohledavani do sitky (breadth first search,
BFS), které ma velmi blizko k single source algoritmum. Z teoretického hlediska jsou single
source algoritmy a single pair algoritmy stejné casové naro¢né, av8ak v praxi jsou hledané
cesty Casto piimé nebo alespon ¢astecné piimé a single pair algoritmy jsou proto efektivnéjsi.
Pseudokdéd 2.4 naznacuje algoritmus prohledavani do sitky. PTi pouziti zasobniku namisto
fronty by pak stejny algoritmus realizoval prohleddavani do hloubky.

11



Algoritmus A* [AI Depot] je zalozen pravé na predpokladu, ze je hledand cesta alespon
casteéné piimé, a vyuziva heuristiku pro "podhodnocovani” uzli vybiranych k dalsimi zpra-
covani. Heuristickou funkci je v tomto ptipadé euklidovskd vzdalenost od cilového uzlu. Uzel,
ktery je blize cili, ma proto vétsi Sanci byt vybran k dal§imu zpracovani. Zobecnénim algo-
ritmu A* je potom tzv. best-first search algoritmus, avSak pro obecnou aplikaci je tézké najit
lep§i heuristickou funkei.

Algoritmus 2.4 Algoritmus prohledavani do sitky

Vstup: source je pocatecni uzel
Vstup: target je koncovy uzel
Vstup: queue je prazdnd fronta uzla
queue. Enqueue(target)
while queue neni prazdna do
node «— queue.Dequeue()
for all neighbour in node.neighbours do
if neighbour is source then
return Cesta nalezena
else if neighbour.visited == false then
queue. Enqueue(neighbour)
neighbour.visited «— true
end if
end for
end while
return Cesta neexistuje

2.5 Dynamicky path-planning

Algoritmus D* [Ste94], modifikace algoritmu A*, je navrzen pro grafy, u kterych muze dojit
ke zméné ohodnoceni hran grafu v dobé jeho prochazeni. Je tedy urcen pro neznamé, ¢astecné
znama nebo ménici se prostiedi. Podobné jako u popisovanych single-source algoritmt si
D* také uchovdva seznam pravé zpracovdvanych uzli a v tomto seznamu déle distribuuje
informace o zménéch ohodnoceni jednotlivych hran. Kazdy ze zpracovavanych uzlu uchovava
informaci o nejmensi odhadované vzdélenosti do cilového uzlu, tzv. key function, podle které
jsou uzly fazeny. P zméné ohodnoceni nékteré z hran je pak tato zména propagovana do vSech
prislusnych klicovych funkci”, nasledkem je preusporadédni uzla, které maji byt dale zpraco-
vany. Algoritmus poskytuje optimalni feSeni, funkéné je shodny s brute-force ptistupem, ktery
pii kazdé zméné prostiedi hledd celou cestu znovu, je vsak efektivnéjsi.

Systém [ACFO01] je dobrym piikladem piistupu pro strategické hry, kde je obvykle nutné
planovani cest pro velké pocty avataru. Oddéluje statické prekazky, stojici avatary a pohy-
bujici se avatary. V rdmci preprocessingu je pro statické prekazky pripraven graf viditelnosti
(viz obr. 2.1), ktery nabizi pevny zdklad pro hleddni cest. Pozastavené entity jsou slouceny
do shlukil a cesta nalezend v grafu viditelnosti je pak upravena tak, aby s témito entitami
nebo shluky nekolidovala. V kazdém kroku provadéni cesty jsou pak vzajemné sledovany po-
hybujici se entity a v piipadé, kdy by mezi nimi mélo dojit ke kolizi, je ndhodné zvolend entita
docasné pozastavena, dokud ji opét neni uvolnéna cesta.
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Technika popsand v [BT98] pouzivd metodu rasterizace, kterd byla popséna v sekci 2.3.
Scéna je diskretizovdana do matice bunék jednotné velikosti (tzv. uniform cells) a v nich je
nasledné hleddna optimdlni cesta s pouzitim jiz znamého A* algoritmu. Jelikoz jde o cestu
pro “lidské” avatary, zakladnim kritériem vysledné cesty je, aby vedla po povrchu pfekazek
dosazitelnych ¢lovékem a ne "vzduchem”. Ukazka takové cesty je zndzornéna na obrazku 2.4.

Obrazek 2.4: Cesta pro "lidské” avatary (prevzato z [BT98])
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Kapitola 3
Puvodni reseni

Jak jiz bylo uvedeno v podkapitole 2.1, existuje mnoho zptsobi, jak klasifikovat algoritmy pro
hledani cest. Jednou z nejvyznamnéjsich vlastnosti je druh reprezentace prostiedi, nad kterym
tyto algoritmy pracuji. Z tohoto hlediska nejcastéji rozlisujeme algoritmy pracujici s grafovou
a rastrovou reprezentaci. Grafové metody jsou velice rychlé pii hledani cesty, avSak samotné
generovani grafu muze byt v pfipadé modernich aplikaci velmi komplikované, v nékterych
piipadech dokonce nemozné. Jako pifklad uvazme aplikaci, kde je tikolem nalezeni nejkratsi
cesty mezi dvéma misty v prostfedi, které neni pifedem znamé. Naopak rastrové algoritmy
se s dynamickym nebo pfedem neznamym prostiedim vyporadaji mnohem lépe, ale hledani
cesty je kvuli obvykle velkému poc¢tu prvku rastru (2D nebo 3D matice) velmi ¢asové narocné.

Puvodni feseni predchézejici této praci navazuje na praci R. A. Apu a M. Gavrilové [AGO5]
a navrhuje suboptimalni feseni kombinaci grafové a rastrové reprezentace prostiedi. Presnéji
feceno, pouzitim 3D matice pro reprezentaci prekdzek a hrozeb spolu s grafem podobnym
struktufe pro déleni prostoru znamé jako octree, ktery “obaluje” 3D matici a pfizpusobuje
se v ni ulozenym hodnotdm - zjemnuje se v mistech s vySSim nebezpeé¢im a zjednoduSuje
v mistech s mensim nebezpec¢im. Vyslednd kombinace pak muze byt diky 3D matici pouzita
v dynamickém, predem nezndmém prostiedi a pouzity graf navic zajist'uje rychlou odezvu
pii samotném hledani cesty.

3.1 Navrh
Navrhovany systém pro hleddni cest sestava z nasledujicich prvku:

Map trojrozmérnéd matice redlnych hodnot reprezentujicich prostiedi. Reprezentace je zajis-
téna technikou zvanou image distance transform (dale jen IDT), kdy je do kazdé burky
matice ulozena vzdalenost stfedu této buiiky od nejblizsi prekazky. Matice pak obsahuje
hodnoty "potencidlového pole” tvoreného piekazkami (viz obrazek 3.1).

Mesh graf podobny struktuie octree slozeny z disjunktnich kvadrovych oblasti, tzv. clusterii.
Kazdy cluster muze byt rekurzivné rozdélen na 8 clusterta pokryvajicich ten samy pros-
tor. V élanku [AGO5] je tato stromové struktura oznacena jako adaptive spatial memory
nebo ASM.
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Obrazek 3.1: Ukazka pouziti image distance transform
(Vlevo vstupni obraz s prekdzkami, vpravo jejich potencidlové pole)

Navrhovany piistup pouziva dvé mapy stejné velikosti. Prvni z nich, tzv. mapa prekdzek,
slouzi k reprezentaci statickych prekazek a druhd, tzv. mapa hrozeb, predstavuje pohyblivé
prekazky, které jsou v tomto kontextu oznacovany jako hrozby. Nad stejnym prostorem je
potom “rozprostiena” uvedena grafova struktura, kterd se v kazdé iteraci rekurzivné adap-
tuje podle hodnot ulozenych v obou mapéch, pfesnéji fec¢eno déli se na clustery v mistech
s vétsim nebezpecim (viz tmavé oblasti potencidlového pole na obrazku 3.1). Na vrcholy a
hrany téchto clusteru lze nakonec nahlizet jako na uzly a hrany grafu, ve kterém lze hledat
cestu do konkrétniho mista v tomto mapovaném prostoru. Ohodnoceni vrcholi a hran grafu
je definovdano hodnotami map v ptislusnych burnkach.

3.2 Implementace

Projekt byl pod oznacenim Dispatcher (Discrete space path searcher) implementovan jako
dynamicka knihovna v jazyce C# 2.0, kterou vyuziva testovaci aplikace zalozena na grafické
knihovné DirectX. Adaptivni grafovou strukturu pipravil v rdmci své diplomové prace [Zit06]
Ing. Premysl Zitka. Ttidy a rozhrani popisovaného systému jsou zndzornény na obrazku A.1.
Rozhrani IMap predstavuje obecnou definici mapy a slouzi k tomu, aby uzivatel mohl v navrho-
vaném systému pouzivat vlastni t¥idy pro mapy implementujici toto rozhrani. IMap vyzaduje
pouze implementaci metod float Weight(Point p) (hodnota mapy v konkrétnim misté) a
float Weight(Block b) (hodnota mapy v konkrétni oblasti). Toto rozhrani implementuji
tT¥idy ObstaclesMap a ThreatsMap odpovidajici jiz zminénym mapam pro piekazky a hrozby.
Ve druhé skupiné jsou zafazeny tiidy souvisejici s adaptivnim grafem. Rozhrani IGraph opét
definuje zdkladni vlastnosti pouzivaného grafu pro pfipadné pouziti jiné nez pripravené tiidy
Mesh. IGraph vyzaduje jedinou metodu IEnumerable Vertices(), kterd vraci posloupnost
vSech vrchold implementovaného grafu. Tyto vrcholy musi implementovat rozhrani IEngram,
jinymi slovy musi implementovat metodu IEnumerable Descendants() pro ziskani vSech
sousedu daného vrcholu a metodu (1épe fe¢eno property) Point Position, kterd vraci pozici
vrcholu. V pfipravené aplikaci toto rozhrani implementuje tfida Engram.
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Vsechny zdkladni tiidy jsou uzivateli zpiistupnény prostfednictvim t¥idy Dispatcher,
kterd nabizi veskeré potifebné operace - vlozeni/odebrani piekdzek nebo hrozeb, adaptaci
na provedené zmény, seznam vSech hran grafu a nalezeni cesty mezi danymi misty v mapo-
vaném prostoru. Adaptace na provedené zmény je provedena za béhu testovaci aplikace pii
kazdé zméné nékteré z pirekazek. Béhem této operace je v piripadé potieby prepoc¢itana mapa
hrozeb /piekazek a podle novych hodnot v mapach dochézi k adaptaci grafové struktury -
strom clusteru je nejprve prohledan od listu ke kofeni (od nejmensich clusteru) a veskeré clus-
tery, v jejichz prostoru neni "piili§ velké nebezpeci”, jsou slouceny do puvodniho superclusteru.
Nésledné je strom clusteru prohleddn od kofene k listum pfes neprouzkoumané uzly a kazdy
cluster, v jehoz prostoru je "dostatecné velké nebezpeci”, je pak rozdélen na 8 clusteru.

3.3 Analyza a vysledky

Pro ucely analyzy a testovani navrzeného systému hledani cest byla pripravena jednoducha
aplikace v jazyce C# 2.0 s pouzitim knihoven DirectX. V této aplikaci je k dispozici scéna
slozend z ur¢itého poctu piekdzek tvorenych koulemi ruznych prumeéru a ndhodné se pohybu-
jicich bodu predstavujicich hrozby. Za béhu aplikace jsou hrozby navigovany na ruzna mista
scény a v kazdé iteraci programu je pak vyzadana adaptace systému, tedy pirepocitani hodnot
v mapé hrozeb a prizpusobeni grafu. Mapa ptfekazek je pripravena v ramci preprocessingu,
slozitost statickych prekazek tedy primo neovliviiuje efektivitu systému za béhu programu.
V ramci analyzy systému byly sledovany nasledujici vlastnosti:

Pocet clusteru predstavuje celkovy pocet vSech clustert, jinymi slovy pocet vsech uzla
stromu popisované adaptivni struktury.

Cas adaptace reprezentuje celkovy ¢as potiebny k prepoéitani mapy hrozeb a adaptaci grafu
v jedné iteraci.

Nebezpeci cesty predstavuje nejmensi vzdalenost k nékteré z prekazek vzhledem k jedno-
tlivym uzlim napldanované cesty. Jinak fe¢eno, mezi vemi uzly cesty je vybrana jejich
nejmensi vzdéalenost od nékteré z prekazek.

3.3.1 Standardni konfigurace

Pro predstaveni nékterych vlastnosti systému bylo nejprve provedeno testovani na jednoduché
konfiguraci s 16 prekazkami, kvalitou map 64 (tedy matice pro kazdou mapu obsahuje 64x64x64
hodnot) a adaptivnim grafem, ktery muze byt rozlozen az na 8x8x8 clustert, resp. na 16x16x16
clusteri. Ve v8ech nésledujicich grafech této kapitoly jsou hodnoty popisovany zkratkami O
(obstacles) pro pocet prekazek, G (grid) pro fad matice a D (division) pro maximalni zjem-
néni adaptivniho grafu. Oznaceni 0:16, G:64, D:8x8x8 pak definuje testovaci scénu uvedenou
na zacatku tohoto odstavce.

Na obrazku 3.2 jsou zndzornény pocty clusteru béhem prvnich 1000 iteraci programu.
V prvnich iteracich 1ze pozorovat prudky narust poctu clusteru zptisobeny pocateéni adaptaci
grafu na statické objekty definované v mapé ptekazek. Nasledny kolisavy prubéh u obou
testovacich piipadu lze vysveétlit nasledujicim zpusobem: pokud se nékterd z dynamickych
prekéazek (hrozeb) dostane do prostoru bez prekazek, zvysi tim nebezpeci v puvodné bezbe¢né
oblasti a evokuje tak zjemnéni adaptivniho grafu v této oblasti. Tyto piipady lze v grafu
pozorovat kolem iteraci ¢. 100, 350 nebo 750. Obrazek 3.3 reprezentuje casy adaptace, opét
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béhem prvnich 1000 iteraci testovaciho programu. Je ziejmé, ze ¢asova narocnost adaptace
je zavisla na maximalni drovni zjemnéni grafu a také kolisd v zavislosti na pozici ndhodné
se pohybujicich pfekézek. Posledni charakteristikou méfenou ve standartni konfiguraci je jiz
zminéné nebezpeci cesty znazornéné na obr. 3.4.

Pocet clustert

[ +0:16,G:64,D:8x8x8  —=-0:16, G:64, D:16x16x16 |

2500

2000 /\'\ A\ )'/\ /ST

NI VAN A
oV
L

0 100 200 300 400 500 600 700 800 900

Pocet clusterii [-]

Iterace programu [-]

Obrazek 3.2: Pavodni feSeni - pocet clustert u standardni konfigurace

3.3.2 Vysoky pocet prekazek

Dalsi naméfené hodnoty a grafy ukazuji, ze efektivita navrzeného systému neni piimo zavisla
na poctu statickych piekazek. Pro méfeni byly pouzity dvé testovaci konfigurace s 256,
resp. 2048 ndhodné rozmisténymi prekazkami. Obé konfigurace pak pouzivaji mapy Fadu
64 a graf s maximélné 16x16x16 clustery.

Grafy 3.5 a 3.6 naznacuji vyvoj poctu clusteru a casy adaptace v prubéhu prvnich 1000
iteraci programu. Lze vidét, ze ani jedna z téchto vlastnosti pfimo nezavisi na poctu statickych
prekazek, jelikoz ty jsou v ramci predzpracovani zaznamendny do mapy prekdazek, kterd ma
pevny pocet hodnot, v nasem piipadé 64x64x64.
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Obrézek 3.3: Puvodni feseni - doba adaptace u standardni konfigurace

Nebezpeci cesty
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Obréazek 3.4: Puvodni FeSeni - nebezpedi cesty u standardni konfigurace
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Pocet clusterii za béhu programu
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Obréazek 3.5: Pavodni feSeni - pocet clusteru pii velkém poctu pirekdzek

Cas adaptace
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Obrazek 3.6: Puvodni feSeni - doba adaptace pii velkém poctu prekazek
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3.4 Komplexni prekazky

V pocatecni fazi vyvoje systému byly pro jednoduchost uvazovany pouze statické prekazky
kulového tvaru o ruznych prumérech (tzv. bounding spheres). Vypocet hodnot potencidlového
pole téchto prekazek tak bylo velmi jednoduché. Mapovéni prekdzek komplexnich tvaru je vsak
mnohem komplikovanéjsi, jelikoz pro vypocet hodnoty potencidlového pole v konkrétnim misté
je nutné pracovat s prekdzkami na drovni trojihelnika. Naivni algoritmus pro mapovani, ktery
do kazdé bunky matice ukladd nejmensi ze vzdélenosti od jednotlivych trojihelniku, ziejmé
pracuje se slozitosti O(g3t), kde g je fa4d matice a t je pocet trojihelniki vech prekézek.
Prestoze existuji efektivni postupy pro vypocet vzdéalenosti bodu od trojihelnika v prostoru
[Ebe99], je ziejmé, ze takové mapovani prekazky po kazdém jejim pohybu by bylo prilis casove
narocné.

Bylo tedy nutné najit zptusob, ktery by odstranil potfebu opakovaného mapovéani. Jako
mozné feSeni bylo predstaveno tzv. dynamické rastrové pole, jehoz hlavni myslenkou je sle-
dovani dynamickych prekézek (zmény pozice, orientace a velikosti) a aplikace piislusnych geo-
metrickych transformaci na jim odpovidajici hodnoty v matici potencidlového pole. Takovy
piistup by samoziejmé vyzadoval, aby matice potencidlového pole obsahovala kromé hodnot
také referenci na prekazku, které tato hodnota patii a kterd je tedy danému mistu nejblize.
Zpusob aplikace geometrické transformace v rastrovém poli vysvétluje nésledujici piiklad:
pokud se nékterd z piekdzek posune o znamy vektor, jsou v tomto sméru posunuty také
hodnoty potencidlového pole v matici, jinymi slovy jsou tyto hodnoty piesunuty do jinych
bunék. Nové bunky jsou prepsany jen v piipadé, kdy se v nich nevyskytuje vyssi hodnota
potencidlového pole nékteré jiné piekdzky. I nadéle ale zustdvaji problémy s “dirami”, které
vznikajl pri vétsiné geometrickych transformaci. Tyto bunky matice je samozfejmé nutné
naplnit novymi hodnotami. Ani implementace takového piistupu se tedy neprojevila jako
dostatecné efektivni a bylo nutné opustit variantu pouziti 3D matice hodnot potencidlového
pole.
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Kapitola 4
Nové reseni

Protoze se pouziti 3D matice pro reprezentaci potencidlového pole prekazek ukézalo jako
neefektivni (viz sekce 3.4), bylo nutné zvolit jinou strukturu pro déleni prostoru, ktera by
umoznila vkladani, odebirani a upravu bodu "za béhu”. Vzhledem k pozadavkum kladenym
na navrhovany systém (sekce 1.1) byla pro dalsi vyzkum zvolena tzv. reguldrni triangulace
v kombinaci s pseudooptimélnim algoritmem pro hledani cest v dynamickém grafu, tedy grafu,
jehoz uzlové /hranové ohodnoceni a stejné tak topologie se muze v ¢ase ménit. V nésledujicich
podkapitolach je predstaven obecny nédvrh takového systému a dale je podan teoreticky zaklad
stavebnich kamenu, které tento systém vyuziva a kombinuje.

4.1 Obecny navrh

Podobné jako v ptipadé predchoziho feSeni oznacovaného jako Dispatcher dostal také nové
navrhovany systém pracovni oznaceni TrippSys nebo TrippSystem (Triangulation based
path planning system). Jak je patrné z nazvu, tento systém vyuzivéa k hleddni cest triangulaci
nad mnozinou piekézek, které se mohou pohybovat, ptibyvat nebo ubyvat. Triangulace budou
blize popsdny a vysvétleny v nasledujici sekci 4.2, prozatim je zjednodusené definujme jako
struktury spojujici "nejblizsi sousedy” v dané mnoziné vstupnich boda. TrippSys pouziva
tzv. regularni triangulaci - ta oproti jinym typum triangulaci uvazuje také vahu vstupnich
bodu a této vlastnosti systém vyuziva pro definici ruzné miry nebezpedci jednotlivych prekédzek.
Pro kazdou prekdzku je vypocitana tzv. obalova koule (bounding sphere), tedy nejmensi koule,
kterd obsahuje vsechny vrcholy piekazky. Sourfadnice a vahy vstupnich bodu reguldrni trian-
gulace jsou pak dany stfedy a poloméry obalovych kouli piislusnych piekazek. Vystupem
triangulace v E? je mnozina ¢tyisténii (oznacovanych také jako tetrahedrony nebo tetraedry)
a z téch lze jednoduse ziskat dudlni strukturu regularni triangulace, ktera bude taktéz popsana
v sekci 4.2, tzv. power diagram. TrippSys na tento diagram nahlizi jako na neorientovany,
uzlové ohodnoceny graf a pouziva jej k hledani cest mezi misty definovanymi uzivatelem. Pti
odebrani, vlozeni nebo zméné nékteré z prekazek je ptislusnd zména promitnuta do mnoziny
vstupnich bodu triangulace. Upravou regularni triangulace samoziejmé dochézi ke zméné je-
jtho power diagramu a jelikoz je tento diagram vyuzivan jako graf pro hledani cest, je dulezité
si uvédomit, ze vrcholy takového grafu mohou prubézné piibyvat nebo mizet. Pokud takova
udélost zpusobi pieruseni cesty nalezené v nékteré predchozi iteraci, TrippSys pouziva pseu-
dooptimalni algoritmus, ktery opravuje naposledy nalezenou cestu v mistech, kde doslo k je-
jimu preruseni nebo ke zhorSeni ohodnoceni uzli. Algoritmus je detailné popsan v sekci 4.3.
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4.2 Regularni triangulace!

Triangulace (v obecném slova smyslu) predstavuje vystup tzv. triangularizace, typické dlohy
z oblasti vypocetni geometrie, jejimz 1ikolem je pro danou mnozinu vstupnich bodu rozdélit
prostor (presnéji feceno konvexni obalku téchto bodu) na oblasti, jejichz vrcholy koresponduji
s nékterymi ze vstupnich bodu, tak, aby tyto oblasti spliiovaly urcitd kritéria.

Pted popisem regularni triangulace uved’'me nékolik zdkladnich pojmu a vysvétleni:

Triangulace Mé&jme koneénou mnozinu vstupnich bodi P C R3, |P| = n. Triangulaci
mnoziny P (zna¢ime T'(P) ) rozumime rozdéleni konvexni obalky mnoziny P (dale jen
CH(P)) na maximalni mnozinu tetrahedronu (¢tyfsténi), jejichz vrcholy koresponduji
s body mnoziny P a které se vzajemné nepiekryvaji.

Vrchol, hrana, trojihelnik triangulace Ctyfstény triangulace se mohou dotykat v jed-
nom bodé (vrchol triangulace), svymi hranami (hrana triangulace) nebo celou sténou
(trojuhelnik triangulace).

Delaunayova triangulace Jak jiz bylo zminéno v tvodu této kapitoly, pii tvorbé trian-
gulaci jsou obvykle definovana kritéria, kterd musi triangulace spliiovat. Delaunayova
triangulace mnoziny P (déle jen DT(P)) je takova triangulace T'(P), kde koule opsand
kazdému jejimu ¢tyfsténu neobstahuje zddny dalsi bod z mnoziny P (tzv. minimum
containment sphere optimalizace). Casova slozitost Delaunayovy triangulace v E? je
v nejhor§fm p¥ipadé O(n?).

Dalsi typy triangulaci Mezi dalsi znamé triangulace patii napt. datové zavisla triangulace
(data dependent triangulation) DDT(P), tzv. "hltava” triangulace (greedy triangulation)
GT(P) nebo triangulace s omezenim C DT (P), CGT(P), kterych se ale ve 3D uziva jen
ziidka.

Regularni triangulace (déle jen RT(P)), zobecnéni Delaunayovy triangulace, na vstupu
ocekava tzv. vdZené body, tedy body definované nejen souradnicemi, ale také urcéitou realnou
vahou w, € R, kterd pak ovliviiuje vysledny tvar triangulace. Pamét’ova i casova slozitost
je stejné jako v pifpadé Delaunayovy triangulace v nejhorsim pifpadé O(n?). Vazené body
obvykle byvajf reprezentovdny jako koule s polomérem ,/w,. Triangulace T'(P) je reguldrnf,
jestlize kazdy jeji ¢tyfstén spliuje kritérium globdini reqularity. Tento pojem a dalsi s nim
souvisejici jsou definovany nésledovné (dle [ZemO07]):

Power vzdalenost Power vzdalenost mezi vazenym bodem p s vahou w, a oby¢ejnym bo-
dem z € R? je definovéna jako m,(z) = |zp|> — w, a muZe byt interpretovdna jako
druhd mocnina délky tecny z bodu x na kouli se stfedem v bodé p a polomérem ,/w,
(viz obr. 4.1 vlevo). V piipadé, Zze se bod x nachézi uvniti uvedené koule, je power
vzdalenost zaporna.

Ortogonalita Vizené body p, ¢ jsou ortogondlni, jestlize plati |pq|> = wy, + w, (viz obr. 4.1
vpravo).

'Pro detailni informace o této oblasti vypocetni geometrie odkazujeme &tenafe na diplomovou préci
Ing. Michala Zemka [ZemO07], ktery pro tento projekt poskytl teoreticky zdklad reguldrnich a Delaunayovych
triangulaci spolu s implementaci jejich inkrementalni konstrukce. Struény teoreticky piehled v této kapitole
Cerpd pravé z jeho prace.
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Ortogondalni stfed Vazeny bod z je ortogondlnim stfedem tetrahedronu abced, jestlize z je
ortogonalni na vSechny vrcholy tohoto ¢tyfsténu.

Globalni regularita Necht’ z je ortogonalnim stredem tetrahedronu abcd. Tetrahedron abed
je globalné regularni, jestlize pro vSechny body p € P — {a,b, ¢, d} plati 7, (p) > wp.

Lokalni regularita Méjme dva tetrahedrony abed a abce sdilejici jednu sténu a bod z, ktery
je ortogonalnim stiedem tetrahedronu abcd. Sdilenou sténu abc pak nazveme lokalné
reguldrni pravé tehdy, kdyz plati m,(e) > we.

Obréazek 4.1: Power vzdélenost, ortogonalita dvojice vdzenych bodu
(pfevzato z [ZemO07])

4.2.1 Metody konstrukce

Existuje nékolik ptistuptu k ziskani regularni triangulace pro vstupni mnozinu vazenych bod.
Nasleduje struény popis nejznaméjsich metod:

Inkrementalni vkladani Metoda tvorby triangulace postupnym pfiddavanim vstupnich bod.
Po pripojeni kazdého bodu do triangulace je provedena série lokalnich uprav, které za-
jisti, ze je vyslednd triangulace opét regularni.

Inkrementalni konstrukce Algoritmus nejprve nalezne globdlné regularni tetrahedron a
k jeho sténam pak pripojuje dalsi vstupni body, ¢imz pridava nové tetrahedrony. Za-
kladn{ ¢asovd slozitost této metody je O(n?). Podle [BS*05] je vSak s pouzitim vhodnych
uprav mozné ziskat skoro linedrni slozitost.

Pievod do vyssi dimenze Vypocet triangulace je mozné feSit také pfevodem na tlohu
nalezeni konvexni obalky ve vyssi dimenzi. Pokud pro vstupni mnozinu vazenych bodt
P definujeme mnozinu PT = {(zp, yp, 2p, :Ef, + yf, + zf, — wp)|p € P}, pak lze zpétnou
projekci PT do R? ziskat pravé RT(P).

Pro popisovany systém hledani cest je pouzita prvni z téchto metod, tedy metoda inkre-
mentalniho vkladani. Samotny postup vkladani a odebirani bodu je naznaéen v nésledujici
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podkapitole. Algoritmus potiebuje urcity vychozi ¢tyistén, do kterého jsou pak vkladany
body vstupni mnoziny. Pro tyto tcely jsou obvykle uvazovany 4 zvlastni body s takovym
umisténim, aby jimi definovany ¢tyfstén obsahoval vSechny vstupni body z P. Pro pfesnost
dodejme, ze existuje také dalsi varianta tohoto algoritmu, kterd obalovy ¢tyfstén nevyzaduje
a pracuje s konvexni obalkou mnoziny vstupnich bodi.

4.2.2 Vkladani bodu

Prvnim krokem pti vklddani bodu do triangulace je nalezeni ¢tyfsténu, ve kterém se tento
bod nachéazi. To lze zajistit nékterou metodou ze t¥idy tzv. "prochazek v triangulaci”. Jako
piiklad uved’'me stochastickou prochézku, ktera za¢ind v libovolném c¢tyisténu abed a z néj pak
prechézi do sousedniho ¢tyisténu abce prave tehdy, kdyz rovina dana body a, b, c oddéluje bod
d a bod, ktery hleddme. Timto zptsobem algoritmus postupuje az do doby, kdy toto pravidlo
nespliuje ani jedna sténa aktudlniho ¢tyfsténu a hledany bod se tedy nachazi v ném. Pro test
orientace je pouzita nize definovand funkce orient(a,b,c,p). Ocekdvana slozitost algoritmu
prochdzek v triangulaci je O(4/n) pro jeden bod, pfi¢emz nejsou zapotiebi zddné dalsi datové
struktury.

1 .
ia Ya ia 1 < 0, p lezi nad rovinou abc
orient(a, b, c,p) = b Yo b =<¢ > 0,p lezi pod rovinou abc
Te Ye 2 1 , .
=0, p lezi v roviné abc
Tp Yp 2p 1

Jakmile jsme uspésné lokalizovali ¢tyfstén incidujici s vkladanym bodem, muzeme trian-
gulaci upravit podle nasledujicich p¥fpadii, které mohou nastat?:

o Jestlize vkladany bod p lezi uvnit¥ tetrahedronu abed, jde o nejjednodussi piipad, kdy
je tento ¢tyfstén rozdélen na 4 nové (abep, bedp, cdap a dabp).

e V piipadé, ze bod p lezi na sténé (napf. abc) tetrahedronu abed a existuje sousedni
tetrahedron sdilejici tuto sténu, jsou oba tetrahedrony nahrazeny 6 novymi.

vvvvvv

hedronu abed. Vsechny sousedni tetrahedrony sdilejici tuto hranu je pak nutné rozdélit
na dva nové a puvodnich N ¢tyfsténi je tedy nahrazeno 2N novymi.

e Jestlize bod p splyva s nékterym z vrcholi tetrahedronu, nemusi byt do triangulace
vubec zafazen.

Po zméné nékterych ¢tyistént je nutné aplikovat na triangulaci sérii lokalnich tprav tak,
aby byla vyslednda triangulace opét reguldrni. Jestlize sténa nékterého ¢tyfsténu nespliuje
kritérium lokalni regularity (viz sekce 4.2), je na tento ¢tyfstén (a piipadné na jeho sousedy)
aplikovana lokélni tiprava podobnd té pii vkladéani bodu a u vnéjsich stén novych ¢tyrsténu
je opét testovano kritérium lokalni regularity. Tento test je feSen podobné jako test orientace
funkei regular(a,b,c,d,e). Sténa abc étyisténu abed je lokdlné reguldrni pravé tehdy, kdyz
regular(a,b,c,d,e) < 0.

2Neuvazujeme obecnou polohu bodi, tedy z4ddné 4 body nelezi v roviné a ziddnych 5 bodi nelezi na kouli.
Postup v takovych pfipadech popisuje napf. [Joe91].
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To Yo Za (T2+y2+22—-w,) 1
oy o (@TpAyp+tai—w) 1
regular(a,b,c,d,e) = orient(a,b,c,d) | v. Yo 2z (¥2+y2+22—w.) 1
Ta Ya za (23+y3+zi—wa) 1
Te Ye 2e (B2+y2+22—w) 1

Casové slozitost inkrementdlnfho vkladani je v nejhorsim pifpadé O(n?). Urychleni je
pak mozné ziskat predevsim ve fazi hledani ¢tyfsténu obsahujicitho vkladany bod. Pii pouziti
algoritmu prochédzky je ocekévand slozitost O(n+/n).

4.2.3 Odebirani bodu

Odebrani bodu v trojrozmérné reguldrni triangulaci 1ze realizovat obracenim postupu vkla-
dani nového bodu do triangulace v metodé inkrementélniho vklddéni [VPC02]. Tento postup
pouziva prioritni frontu, do které jsou zpocatku vlozeny vsechny ¢tytstény incidujici s odebira-
nym bodem. Sténa s nejvétsi prioritou je pak z fronty odebrana a aplikuji se na ni jiz popsané
lokalni tpravy, pficemz nové stény obsahujici odebirany bod jsou opét zafazeny do fronty.
Tento postup se opakuje, dokud neni ve fronté pravé 6 stén. Ty pak pfedstavuji 4 ¢tyistény,
které spolu sousedi a sdileji odebirany bod. Nakonec staé¢i tyto tetrahedrony nahradit jedinym.
Dalsi moznosti realizace odebrani bodu z 3D triangulace je rozsifeni Devillersova algoritmu
puvodné navrzeného pro 2D Delaunayovy triangulace, které detailné popisuje [ZemO7].

4.3 Gaps filling algoritmus®

Algoritmus pracovné oznacovany jako gaps filling predstavuje variantu pro rychlé nalezeni
suboptimalni cesty v grafech, jejichz ohodnoceni nebo topologie se v ¢ase méni. Tento pfistup
nehleda celou cestu znovu po kazdé zméné v grafu, ale upravuje naposledy nalezenou cestu
v uzlech, které byly odstranény nebo u kterych doslo ke zhorseni ohodnoceni. Piiklad takové
upravy je znédzornén na obr. 4.2 - v levém grafu je zvyraznéna nalezend cesta mezi uzly s
a t, v pravém grafu je pak naznaceno piepldnovani této cesty po zhorSeni ohodnoceni uzlu
a,b. Puvodni cesta je zpracovana po jednotlivych uzlech nésledujicim zplisobem: pokud je
dany uzel n cesty stale platnym uzlem grafu a pokud nedoslo ke zhorseni jeho ohodnoceni,
je zafazen do nové cesty, v opatném piipadé je vynechan. Zatazeni uzlu n do nové cesty ma
potom dva mozné postupy. Pokud uzel n pfimo sousedi s poslednim uzlem u nové cesty, je k ni
jednoduse pridan, jinak je tato cesta doplnéna o uzly cesty mezi u a n nalezené Dijkstrovym
algoritmem. Postup algoritmu gaps filling je naznacen v pseudokédu 4.1.

Za cenu pseudooptimélniho reSeni poskytuje tento algoritmus velmi dobré urychleni co se
tyce poctu uzli, které je nutné zpracovat k nalezeni cesty. Grafy 4.3-4.6 naznacuji urychleni
pro planarni graf o 32x32 uzlech, které jsou spojeny s ndhodné vybranymi sousednimi uzly.

3 Algoritmus byl autorem tohoto dokumentu detailné popsén a analyzovdn v ¢lanku [Bro07], ktery je
soucasti této prace jako priloha E.
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Algoritmus 4.1 Gaps filling algoritmus (Uprava nalezené cesty)
Vstup: graf G(V, E), cesta P C V, poc. a konc. uzly s,t € P
Vystup: novéa cesta P’
P <= {s}
u <= NULL {pomocny uzel}
for alln € P —{s} do
if n byl odstranén V n ma horsi ohodnoceni then
if v == NULL then
u <= predchudce uzlu n na cesté P
end if
else
if u == NULL then
P < P'U{n}
else
P’ < P"Upath(u,n) {Nalezen{ cesty z uzlu (u) do n Dijkstrovym alg.}
u <= NULL
end if
end if
end for

Obrazek 4.2: Chovani gaps filling algoritmu
(prevzato z [Bro07])
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Graf 4.3 predstavuje vahu cest? nalezenych obéma algoritmy (Dijkstriiv algoritmus a gaps
filling) pro graf, kde se ohodnoceni uzli méni ndhodné v ¢ase. Snadno z néj lze vypozorovat
jiz zminénou skutecnost, ze algoritmus gaps filling nabizi suboptimalni feseni, v priameéru
priblizné 1,1-optimalni vysledky (pro informace o t-optimalité viz sekce 2.4.2). Vyjimkou jsou
oblasti kolem iteraci ¢islo 120 a 220, kdy tento algoritmus nachdazi cestu, jejiz vaha je shodna
s vadhou optimalni cesty nalezené Dijkstrovym algoritmem. Tato skute¢nost ziejmé muze mit
dvé ruzné pii¢iny: v téchto iteracich bud’ doslo ke zhorseni ohodnoceni v8ech uzlu cesty a
algoritmus gaps filling tak preplanoval celou cestu s pouzitim Dijkstrova algoritmu anebo se
lokalné upravena cesta stala shodnou s optiméalni cestou.

V grafu 4.4 je naznacen pocet uzlu, které algoritmy zpracovaly pro nalezeni cesty mezi
stejnymi dvéma uzly. Prestoze pseudooptimélni pfistup poskytuje jiz zminéné 1,1-optimalni
vysledky , k nalezeni takového FeSeni potiebuje v pruméru pouze 36% z uzlu zpracovanych
Dijkstrovym algoritmem. V tabulce 4.1 lze najit urychleni oproti Dijkstrovu algoritmu pro
ruzné pocty uzli, u kterych doslo od posledniho hledani cesty ke zméné ohodnoceni. Graf 4.4
navic dokazuje dulezitou véc popisovanou v piedchozim odstavci: prestoze algoritmus gaps
filling poskytl v iteracich ¢islo 120 a 220 optimalni feSeni, k jeho nalezeni zpracoval jen ¢ast
uzlu zpracovavanych Dijkstrovym algoritmem.

Grafy 4.5 a 4.6 pak predstavuji celkovou vahu cesty a pocet zpracovanych uzlu pro stejnou
mnozinu algoritmu, ale v grafu, jehoz zmény jsou lokalizované v jedné rozsifujici se oblasti.
Za cenu nalezeni 1,3-optimalniho feSeni zpracuje gaps filling metoda oproti Dijkstrovu algo-
ritmu 26% uzlu.

| Pocet zménénych uzli [%] || Pocet zprac. uzli [%] | Vaha cesty [%] |

25 13,70 126,26
50 37,75 115,76
75 85,67 108,67

Tabulka 4.1: Urychleni gaps filling algoritmu pro rizné zmény ohodnoceni

4Vahou cesty se v nasem kontextu rozumi souet vah jednotlivych uzli cesty. Nalezend cesta je tim vyhod-

vvvvvv
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Obréazek 4.3: Algoritmus gaps filling - vahy cest pfi ndhodnych zménach grafu

Zpracované uzly

—<Dijkstra -=-Gaps Filling l

= 3500
2
N
2 3000 A
=
g / \\\
S 2500
&
1
3 \/\ W \
N )N/\N

2000 N A

1500

1000 A\ )E\D,,z/g\ AN a /u\
NECAAEAVAVARL YN
00 — N’

0 T T T T
0 50 100 150 200 250
Iterace programu [-]

Obréazek 4.4: Algoritmus gaps filling - pocet zprac. uzla pii ndhodnych zménach grafu
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Obrézek 4.5: Algoritmus gaps filling - vahy cest pfi lokalizovanych zménédch grafu
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Kapitola 5

Implementace

Pro implementaci systému hleddni cest a testovacich aplikaci byl hned z nékolika duvodu zvo-
len jazyk C# 2.0. Jde o moderni programovaci jazyk nabizejici mnoho prvki, diky kterym je
kéd intuitivni a dobfe pochopitelny, napf. bezpeéné prototypy funkei (tzv. delegdti), udalosti,
generické datové struktury apod. Navic pouzitd knihovna! Ing. Michala Zemka zajist'ujici
préci s triangulacemi je stejné jako puvodni autoruv systém (viz kapitola 3) realizovédna prave
v tomto jazyce. Autor tohoto dokumentu pouzivd uvedenou knihovnu regularnich triangulaci
ve vlastnim systému hledani cest a dale implementoval ukédzkovou herni aplikaci pro jeho
prezentaci a konzolovou aplikaci pro analyzu.

5.1 Systém hledani cest

Na obrazku 5.1 je naznaen navrh systému TrippSys a zpusob jeho komunikace s klientskou
aplikaci (pro ucely porovnani je do ndvrhu zahrnut také puvodni systém Dispatcher). Pied
samotnym popisem navrhu uved’'me zakladni mnozinu operaci, které figuruji v komunikaci
mezi klientskou aplikaci a systémem hledani cest:

reg Registrace prekdzky do systému. Piekazka klientské aplikace muze ménit svuj tvar,
pozici nebo orientaci a systém musi byt schopen reagovat na zménu kazdé registrované
prekazky.

unreg Odhléseni pfekazky ze systému. Takova piekazka nadéle nebude ovliviiovat vystup
systému.

cesta Nalezeni cesty podle daného kritéria mezi definovanymi misty. Pii hledani se samoziej-
mé piihlizi k prekazkam registrovanym v systému.

'Knihovna zajist'uje tvorbu reguldrni triangulace metodou inkrementélniho vkladani. Implementace tohoto
algoritmu poskytovala moznost vklddani dalsich bodu, avsak odebirani bodu z triangulace bylo v dobé vzniku
tohoto dokumentu ve fazi testovani a v dokumentaci tak neni uvazovano.
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Obrazek 5.1: Zakladni struktura navrhovaného systému hledani cest TrippSys

Obrazek A.2 predstavuje nejdulezitéjsi tfidy tvorici rozhrani mezi systémem hledani cest
a klientskou aplikaci. Hlavni tfidou celého projektu je TrippSystem, kterd zprostfedkovava
veskeré potifebné operace pro klientskou aplikaci, tedy ptihlaseni/odhldseni piekazek, nalezeni
cesty mezi definovanymi misty a pfeplanovani puvodni cesty. Systém je schopny zaregistrovat
instanci libovolné t¥idy, ktera dédi od abstraktni tiidy Obstacle. Tato abstraktni tiida
vyzaduje implementaci nékolika metod:

e IEnumerable<Vector> Vertices() pro vycet veskerych vrcholu prekdzky (relativni
soutadnice vzhledem ke sttedu prekazky).

e void GetPosition(out float x, out float y, out float z) pro zjiSténi pozice pre-
kazky.

e void GetRotation(out float x, out float y, out float z) pro zjiSténiorientace
prekazky.

e void GetScale(out float x, out float y, out float z) pro zjiSténi méfitka pie-
kazky.

Systém hledani cest je pak diky témto metodam schopny zjistit veskeré potiebné informace
o prekazce a v rodicovské tiidé Obstacle si navic pro kazdou z nich uchovava vlastni dulezité
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informace, konkrétné index do interniho pole obalovych kouli registrovanych piekazek (viz
Registrované prekadzky v obrazku 5.1). Pfi registraci prekazky do systému je prostiednictvim
uvedenych metod uréena pozice a polomér obalové koule, ktera je nasledné ulozena v linedrnim
poli pevné velikosti. Toto pole nasledné slouzi jako vstup algoritmu pro vypocet regularni
triangulace. Abstraktni t¥ida Obstacle proto nabizi udalosti, které musi od ni odvozené tiidy
vyvolat vzdy, kdyz dojde ke zméné piekazky:

e event ObstacleChangeHandler VerticesChange pii zméné modelu pirekazky.
e event ObstacleChangeHandler PositionChange pfi zméné pozice piekazky.
e event ObstacleChangeHandler RotationChange pii zméné orientace piekazky.

e event ObstacleChangeHandler ScaleChange pii zméné métitka prekazky.

Vyvolanim nékteré z téchto udalosti na strané klientské aplikace dojde automaticky k od-
povidajici zméné v poli obalovych kouli a nasledné také v triangulaci na strané systému hledani
cest. Na obrazku A.3 je k dispozici class diagram dalsi dulezité skupiny tiid projektu Tripp-
System, tiid souvisejicich s hledanim cest mezi registrovanymi prekazkami. Tiida Vertex
predstavuje vrchol grafu tvofeného dudlni strukturou k reguldrni triangulaci, jiz zminovanym
power diagramem, a udrzuje veskerd data potiebnd pro samotné hleddni cest:

e Vector Position pozice vrcholu, konkrétné ortogondlni stied ¢tyrsténu, ke kterému
tento vrchol patii.

e List<Vertex> Neighbours seznam vrcholi, se kterymi tento vrchol sousedi.

e float Distance vazend vzdélenost od vychoziho vrcholu (pfi pouziti Dijkstrova algo-
ritmu).

e int LastVisited &islo iterace, kdy byl tento vrchol naposledy navstiven (obdoba obar-
vovani navstivenych uzlu v BFS).

e int Tetrald index tetrahedronu, ke kterému vrchol patii. Umoziuje zjisténi nekonzis-
tence, kdy tetrahedron, ke kterému nalezi dany vrchol, jiz v triangulaci neexistuje.

Tiida Paths poskytuje statické metody pro nalezeni cesty mezi konkrétnimi vrcholy po-
moci nékolika algoritmu. Pfipraven byl klasicky breadth-first search algoritmus, Dijkstruv
algoritmus a algoritmus A*, ktery je mozné pouzit také s vlastni funkei definujici vdhu vr-
cholu grafu. Metoda List<Vertex> Path_AStar(Vertex src,Vertex dest,VertexWeight
w) hledd cestu v grafu mezi uzly src a dest, pficemz jako heuristiku pro ohodnoceni jed-
notlivych uzli pouzivd metodu uréenou parametrem w, tedy libovolnou metodu spliujici
definici delegita delegate float VertexWeight(Vertex v, Vertex src, Vertex dest).

Hlavni t¥ida systému, TrippSystem, nakonec nabizi metody List<Vertex> Path(Vector
src, Vector dest) (resp. List<Vertex> Path(Vector src, Vector dest, List<Vertex>
oldPath)) pro nalezeni nové (resp. prepracovani puvodni) cesty mezi danymi body v pros-
toru. Obé tyto metody nejprve lokalizuji ¢tyfstény obsahujici pocatecéni a cilovy bod a poté
vyuzivaji pravé statické metody tiidy Paths.
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Systém hledani cest TrippSystem je realizovan jako dynamicka knihovna v jazyce C#2.0,
ktera vyuziva dalsi knihovnu s implementaci metod pro tvorbu a praci s reguldrni triangu-
laci [ZemO7], Regular3D.d1ll. Pii tvorbé triangulace jsou navic vyuzivany dalsi knihovny,
TrippSystem tak musi byt distribuovan spole¢né s témito souc¢astmi:

e TrippSystem.dll - knihovna s implementaci metod hledani cest a definici vS8ech da-
tovych struktur pouzivanych v klientské aplikaci.

e Regular3D.dll - tvorba a tprava reguldrni triangulace, kterou pouziva projekt Tripp-
System pro dynamické déleni prostoru.

e MathNet.Iridium.dll - open-source knihovna pro platformu .NET umoznujici symbo-
lické a numerické vypocty?.

Projekt samotny je pfilozen na CD v adresafi Source/GalaxyWars/TrippSystem a po-
drobn4 dokumentace? je pfipravena v adresaii Documentation/TrippSystem v nékolika riiznych
formatech.

5.2 Testovaci aplikace GalaxyWars

Pro téely vizualizace vysledkii systému TrippSys byla pfipravena jednoducha aplikace?
umoziujici prulet trojrozmérnym polem asteroidu. Aplikace vyuzivd knihovny XNNA Game
Studio 2.0°, které zastiesuji knihovny Microsoft DirectX® a ptiddvajf dalsf prvky uziteéné
pii vyvoji her. Na zacatku aplikace je pripraveno pole pevné velikosti s asteroidy, kterym je
nadhodné pfifazena konkrétni velikost a pozice tak, aby pokryvaly urcity pevné stanoveny
prostor. VSechny tyto asteroidy pak implementuji abstraktni tiidu Obstacle systému Tripp-
Sys a po spusténi aplikace jsou do néj zaregistrovany. Jesté pred samotnym vstupem do hry
je nakonec TrippSys pouzit k nalezeni cesty. Pro jednoduchost jde vzdy o cestu mezi dvéma
protilehlymi rohy zminéné oblasti, kterou pokryvaji ndhodné generované asteroidy. Na nasle-
dujicich obrézcich je predstaveno nékolik snimku z pruletu po nalezené cesté a v piilohdch
A.5-A.9 jsou pak k dispozici dalsi ukazky ze stejné aplikace.

http://mathnet.opensourcedotnet.info

3Dokumentace byla vygenerovdna programem Doxygen (http://www.doxygen.org).
4Pfiloha B.1 poskytuje jeji uzivatelskou dokumentaci.

Shttp://creators.xna.com

Shttp://msdn.microsoft.com/directX
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Obrézek 5.2: Ukézky aplikace GalaxyWars (snimky 1 az 8)
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Galaxy Arena

Galaxy Arena

Obrézek 5.3: Ukazky aplikace GalaxyWars (snimky 9 az 16)
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5.3 Testovaci aplikace Measuring

Pro snazsi analyzu systému popisovanych v kapitolach 3 a 4 byla déle ptipravena jednoduché
konzolové aplikace, ktera pouziva oba tyto systémy ve stejném prostiedi. V tomto prostiedi je
podle parametru, se kterymi je aplikace spusténa, piipravena konkrétni konfigurace prekdzek
a vlastnosti obou systému jsou ndsledné zaznamendvany do souboru pro dalsi zpracovéni.

Na obrazku A.4 je k dispozici diagram tfid této aplikace: Program, hlavni tiida aplikace,
zpracovava ve vstupni metodé void Main(string[] args) parametry predané aplikaci a
podle nich poté spousti testy systému pro jednotlivé konfigurace prekazek ve scéné. Vyuziva
k tomu nékolik dodateénych tiid:

e MyMesh - definice tvaru prekazek pouzivanych v aplikaci. Data pro tuto tiidu jsou
nacitdna z externich soubort, kde je na prvnim rfadku ulozen pocet vrcholu a na dalsich
radcich pak soutradnice jednotlivych vrcholi s komponentami oddélenymi stfednikem.

e MyObstacle reprezentuje konkrétni prekazku jeji pozici, velikosti, orientaci a geomet-
rickym tvarem (instance t¥idy MyMesh). Zaroven implementuje abstraktni tfidu Obsta-
cle systému TrippSys a rozhrani IThreat systému Dispatcher, aby do nich nasledné
mohla byt registrovana.

e MyOutput - vlastni vystup do souboru umoznujici zépis v nékolika formétech (viz vycet
OutputType v diagramu tiid): hodnoty oddélené stiednikem (comma separated values
nebo CSV), hodnoty oddélené tabuldtorem (tabulator separated values nebo TSV) a
formét pro tvorbu ohrani¢ené/neohranicené tabulky v jazyce IATEX.

e MySettings definuje jednotliva nastaveni aplikace. Instance této tiidy je vytvofena a
inicializovdna na zékladé parametru predanych aplikaci.
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Kapitola 6

Experimenty a vysledky

Pted analyzou pfipraveného systému hledani cest je dulezité definovat vlastnosti, které je
u né&j nutné nebo vhodné zkoumat. Podle oblasti aplikace a pozadavku uvedenych v sekci 1.1
ma smysl sledovat nasledujici charakteristiky:

e Doba predzpracovéni (tzv. preprocessing), tedy doba inicializace systému jesté pred
hlavni smyckou programu, ve které je nésledné systém vyuzivan. Piestoze doba ptredzpra-
covani nemusi hrat v piipadé virtualni reality zdsadni roli, stdle jde o dulezitou vlastnost.

e Doba odezvy na zménu ve scéné, tedy ¢as potiebny k tomu, aby se systém piizpuso-
bil urc¢ité zméné v prostiedi. Doba takové odezvy je pravdépodobné jednim z nejdu-

vvvvvv

vvvvvv

raci muze klientska aplikace vyuzivat v kazdé iteraci programu nékolikrdt, napf. pro
nalezeni vice cest pro nékolik pocitacem ovladanych avataru.

e Kvalita cesty, lépe Teteno odchylka nalezené cesty od cesty optimalni. Opét jde o vlast-
nost, ktera neni pro hledani cest v hernich aplikacich zasadni. Je vSak dobré poukazat
na souvislost mezi pseudooptimalitou nalezené cesty a dobou jejitho nalezeni.

Vyse uvedené vlastnosti byly testovany v zavislosti na poctu prekazek ve scéné, na jejich
velikosti a rozlozeni. V konzolové aplikaci Measuring popsané v sekci 5.3 byla vzdy ndhodné
vygenerovana mnozina konkrétniho poctu piekazek a aplikace néasledné méfila inicializaci
systému a ¢as potiebny k registraci nové pirekazky. Stejnym zpusobem byl soucasné testovan
také puvodni piistup popisovany v kapitole 3. Po inicializaci byla vzdy nalezena optimalni
cesta s pouzitim Dijkstrova algoritmu a pseudooptimélni cesta pomoci algoritmu gaps filling,
pricemz vysledkem tohoto méfeni byl ¢as nalezeni cesty a jeji vdha, resp. soucet vah jejich
uzli, ktery je v optimalnim piipadé miniméalni. Jednotlivd pozorovani a vysledky méfeni jsou
podrobné popsény v nasledujicich podkapitolach. Pro tplnost jesté dodejme, Ze veskera data
byla naméfena na pocitaci s procesorem AMD Turion%* X2 (1,6GHz, 1MB L2 cache) a paméti
1GB DDR2.
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6.1 Doba predzpracovani

Graf na obrazku 6.1 pfedstavuje dobu piedzpracovani nové implementovaného feSeni v porov-
nani s puvodnim systémem Dispatcher vyuzivajicim 3D matici a adaptivni graf. Doby inicia-
lizace jsou naméieny pro 27 az 216 prekdzek, piicemz v systému Dispatcher jsou viechny tyto
prekazky interpretovany jako statické!. Ptivodni feseni vyzaduje v pifpadé statickych pirekazek
vyS8i Cas pro inicializaci kvuli nutnosti mapovat kazdou z nich do 3D matice potencidlového
pole (viz sekce 3.1), v pifpadé 2'6 statickych prekazek je to témeér 82 sekund. Zavislost casu
inicializace nového systému vyuzivajiciho reguldrni triangulaci je linedrni a ve stejném piipadé
216 piekazek vyzaduje priblizné 16 sekund. Pokud jde o dynamické piekazky, nové navrhované
feSeni je pomalejsi, protoze projekt Dispatcher dynamické prekazky nijak nepfedzpracovava,
zatimco TrippSys musi vzdy odpovidajicim zpusobem upravit triangulaci.

Doba piedzpracovani

—+TrippSystem -#-Dispatcher

90000
80000

70000 '///‘///'
60000

50000 /-//,

40000

30000 /‘//

20000 /

10000 "/////, a

0 T T T T T T T T T )
128 256 512 1024 2048 4096 8192 16384 32768 65536
Pocet pirekazek [-]

Doba pi‘edzpracovani [ms]

Obréazek 6.1: TrippSystem - predzpracovani pro ruzné pocty prekazek
(v systému Dispatcher jsou vsechny prekdzky interpretovany jako statické)

1Jak bylo popséno v kapitole 3, Dispatcher striktné oddéluje statické a dynamické prekazky a s kazdou
t¥idou zachéz{ jingym zpusobem.
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6.2 Doba registrace prekazky

V grafu 6.2 a tabulce 6.1 jsou (opét pro oba systémy) znizornény doby potiebné k registraci?
nové prekazky v zavislosti na poctu jiz zaznamenanych objektl. Piestoze regularni triangu-
lace potiebuje k adaptaci na nové pridanou pirekazku ¢asy v milisekundach i pro vysoké pocty
jiz obsazenych prekazek, lze vidét, ze registrace dynamické prekazky u puvodniho feseni (Dis-
patcher) je mnohem rychlejsi. Jak jiz bylo zminéno v predchozim odstavci, puvodni feseni
oddéluje statické prekazky od dynamickych, statické prekazky mapuje do 3D matice v ramci
predzpracovani a déle uz umoziiuje manipulaci pouze s dynamickymi prekazkami. V tomto
pripadé je vkladana pirekazka jako jedind interpretovana jako dynamicka. Pro lepsi pochopeni
této vlastnosti jsou v grafech 6.3, 6.4 a v tabulce 6.2 znazornény doby inicializace a registrace
pro 27 - 210 piekédzek v pifpadé, kdy je polovina z nich interpretovana jako statickd a polo-
vina jako dynamicka. Po vlozeni nové prekazky upravuje projekt Dispatcher adaptivni graf
podle hodnot nebezpeci v jednotlivych mistech scény. Nebezpeéi je vSak definovano nejen hod-
notami potencidlového pole statickych prekazek, ale také vzdalenosti okolnich dynamickych
piekézek. Cim vice jich tedy systém obsahuje, tim delsf je ¢as adaptace datovych struktur
tohoto systému. Z grafu 6.4 je pak ziejmé, Ze registrace nové prekazky v systému Dispatcher

v/

Doba registrace prekazky

—-TrippSystem -#-Dispatcher

250 b4
/
/
/

) /// -

Doba registrace pirekazky [ms]

0 T T T T T T T T !
128 256 512 1024 2048 4096 8192 16384 32768 65536
Pocet prekazek [-]

Obréazek 6.2: TrippSystem - doba registrace pro rizné pocty prekazek
(v systému Dispatcher jsou vsechny piekdzky interpretovany jako statické)

2Pod pojmem registrace v tomto pFipadé rozumime operaci pfihldseni nové piekézky do systému a nésledné
pfizpusobeni jeho vnitinich datovych struktur.
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Doba piedzpracovani [ms]

Doba registrace prekazky [ms]

Doba predzpracovani

I ——TrippSystem -=Dispatcher

12000

10000 A

8000

6000

4000 /.///
2000

—

S
0 T T T |

128 256 512 1024
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Obréazek 6.3: TrippSystem - doba piedzpracovani
(polovina piekéazek statickd a polovina dynamicka)
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Obrazek 6.4: TrippSystem - doba registrace
(polovina piekéazek statickd a polovina dynamicka)
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TrippSys Dispatcher
| # piekézek || Predzprac. [ms] | Registrace [ms] | Predzprac. [ms] | Registrace [ms] |
27 172 0 1484 0
28 172 0 2562 15
29 234 0 4750 15
210 407 0 11453 16
o1 437 16 20906 0
212 985 16 32203 15
213 1765 31 53469 16
oM 4469 78 67828 15
215 6203 110 75532 15
216 15547 265 81813 63

Tabulka 6.1: TrippSystem a Dispatcher - piredzpracovani a registrace
(v systému Dispatcher jsou vsechny prekdzky interpretovany jako statické)

TrippSys Dispatcher
’ # prekazek H Piedzprac. [ms] ‘ Registrace [ms] ‘ Piedzprac. [ms] ‘ Registrace [ms] ‘
27 172 0 1609 31
28 188 0 2703 109
29 266 0 5187 391
210 437 16 10172 1546

Tabulka 6.2: TrippSystem a Dispatcher - predzpracovani a registrace
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6.3 Hledani cesty a jeji kvalita

Pro razné pocty prekdzek byla v inicializovaném systému nalezena cesta mezi dvéma pevné
danymi body pomoci optimélniho Dijkstrova algoritmu a po registraci nové prekazky pak
byla tato cesta opravena pomoci algoritmu gaps filling (viz sekce 4.3). Tabulka 6.3 a grafy 6.5,
6.6 ukazuji srovnani téchto algoritmtu. Podobné jako u vysledkt piedstavenych v sekci 4.3,
i zde prinasi pouziti pseudooptimalniho feseni znaéné urychleni. Z grafu 6.5 je ziejmé, ze
¢as potiebny k nalezeni cesty roste spolu s poctem piekazek. To je samoziejmé zpusobeno
rostoucim poctem ¢tyfsténu triangulace, tedy rostoucim poétem vrcholi power diagramu,
ve kterém se cesta hledd. Jak je vidét, algoritmus gaps filling nachazi v priméru 1,1-optimélni
fesenf® (v nejhorsim pifpadé pak 1,16-optimaln{ fesenf) v mnohem mensim case.

Dijkstruv algoritmus Gaps filling
| # piekdzek || Nalezeni [ms] | Véha [-] | Nalezeni [ms] | Véha [-] |
212 0 0.616861 0 0.6614693
213 0 0.6066013 0 0.664586
214 31 0.6860374 0 0.7374998
215 63 0.7271375 0 0.7808142
216 78 0.8220786 15 0.879591

Tabulka 6.3: Algoritmus gaps filling - urychleni a kvalita nalezené cesty

Dulezitou ¢asti této kapitoly jsou pak grafy 6.7 a 6.8, které predstavuji srovnani sys-
tému TrippSys a Dispatcher z hlediska rychlosti nalezeni cesty a jeji kvality reprezento-
vané primérnou vahou nebezpeci? viech uzlit cesty. Z grafu 6.7 je viditelnd zasadni infor-
mace popsand jiz v kapitole 3. V piipadé systému Dispatcher je doba nalezeni cesty zavisla
na maximalni povolené trovni zjemnéni popisované adaptivni struktury. V grafu jsou proto
pro néazornost zobrazeny dvé varianty tohoto systému: s maximalnim povolenym rozdélenim
adaptivni struktury na 16x16x16 clusteru a na 32x32x32 clusteru. U projektu TrippSys je
doba nalezeni cesty ziejmé zavisld na poc¢tu piekazek - s rostoucim poc¢tem piekdzek ve scéné
roste také pocet uzlu dudlni struktury, mezi kterymi se cesta hledd. Jak je navic zfejmé
z grafu 6.8, TrippSys dokaze najit v kratsim Case cestu, jejiz prumérna vaha nebezpedi je
mnohem mensi®. Tato vlastnost je zptisobena tim, ze zatimco Dispatcher hled4 cestu "pouze”
po hranach a diagonaldch clusterti, pfi pouziti regularni triangulace definuji uzly jeji dudlni
vycist jeSté dalsi dulezitou vlastnost puvodniho feSeni: pokud je systému Dispatcher povo-
lena vy8s8i uroven zjemnéni adaptivni struktury, hledéni cesty ve vétsim poctu clusteru pak
trva delsi dobu, ale vyslednd cesta je kvalitnéjsi praveé diky vétsimu poc¢tu hran.

3Celkov véha cesty je opét definovéna souétem vah jednotlivych uzli, kterymi tato cesta prochézi.

4V tomto pifpadé je véha nebezpedi definovéna vzdslenosti od nejblizsi prekazky. Jeji hodnota je rovna
jedné, pokud uzel lezi na obalové kouli prekdzky. Mensi hodnoty predstavuji vétsi vzdalenost, vyssi hodnoty
pak signalizuji, ze uzel lez{ uvnitf obalové koule.

5V grafu 6.8 je pro véechny varianty pouzit Dijkstriv algoritmus. Vahy cest jsou tedy vizdy optimélni
vzhledem ke grafu, ktery je danému systému k dispozici.
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Obrézek 6.5: TrippSystem - doba nalezeni cesty
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Obrézek 6.6: TrippSystem - vdha nalezené cesty
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Doba nalezeni cesty
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Obrazek 6.7: TrippSys a Dispatcher - doba nalezeni cesty
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Obrazek 6.8: TrippSys a Dispatcher - prumérna vaha cesty
(vaha cest nalezenych systémem TrippSys neni nulové, je o 1-2 fddy nizsi)
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6.4 Ruzné velikosti prekazek

Dalsi testovanou vlastnosti popisovanych systému je jejich zavislost na velikosti prekéazek,
mezi kterymi ma byt hledana cesta. Grafy 6.9 a 6.10 vizualizuji naméfené hodnoty systému
TrippSys a Dispatcher ve scéndch s pevnym poctem prekazek (konkrétné 5000 nahodné
rozmisténych prekézek), jejichz velikost se postupné zvysuje. Z grafu 6.9 lze vypozorovat, ze
ani u jednoho z popisovanych systému nezavisi doba predzpracovani na velikosti prekédzek.
Systém TrippSys totiz v rdmci predzpracovani generuje regularni triangulaci, kde pocet
CtyTsténu piimo nezavisi na velikosti prekazek, zatimco Dispatcher mapuje prekazky do troj-
rozmérné matice pevné velikosti, takze ani zde nema velikost mapované prekazky zasadni
vliv. Ani v tabulce 6.4 a grafu 6.10 nelze pozorovat zadnou zavislost na velikosti prekazek.
Prumérné vaha cest nalezenych systémem TrippSys byla oproti systému Dispatcher stejné
jako v predchozi sekci o 1-2 Fady nizsi.

6.5 Rozmisténi prekazek

V posledni fazi analyzy byly oba pfedstavené systémy testovany ve specidlnich p¥ipadech roz-
lozeni prekédzek v prostoru. Do scény (presnéji feceno do jeji mapované oblasti o rozmérech
1024x1024x1024 umisténé v pocatku) byly nejprve vklddény shluky prekazek tak, ze tyto
shluky o pruméru 256 vzdy sestavaly z konstantniho poc¢tu 1024 nahodné rozmisténych
prekazek. Prvni shluk pfekdzek byl vlozen do pocatku souradného systému a dalsi shluky
pak byly vklddény do jednotlivych rohu mapované oblasti rohu se souradnicemi (-512; -512;
-512) a (512; 512; 512), mezi kterymi se hledala cesta. V grafu 6.11 jsou znézornény prumérné
vahy cest nalezenych v systémech TrippSys a Dispatcher (s pouzitim standardniho Dijk-
strova algoritmu). Jak je vidét, puvodni systém nasel ve vSech piipadech vzdy stejnou cestu
(cestu stejné vahy). Thned po vlozeni prvniho shluku na soufadnice (0; 0; 0) totiz doslo v sys-
tému Dispatcher ke zjemnéni adaptivni sité pravé kolem pocatku souradného systému a byla
nalezena cesta, kterou uz dalsi vkladani shluku a zjemnovani adaptivni struktury v rozich ni-
jak neovlivnilo. U systému TrippSys je naopak ziejmy velky skok mezi momentem, kdy byl
uprostied scény jediny shluk piekéazek, a nasledujicim krokem, kdy byl do scény vlozen dalsi
shluk do jednoho z rohtt mapované oblasti. V pfipadé jednoho shluku jsou v dudlni struktufe
regularni triangulace k dispozici pouze hrany mezi prekazkami tohoto shluku, ale pfidanim
dalstho shluku prekdzek do scény dochazi v dudlni struktufe ke vzniku novych hran, diky
kterym je pak mozné nalezeni vyhodnéjsi cesty.

Dalsim zpusobem rozlozeni piekdzek v prostoru, pro ktery byly sledovany vlastnosti
popisovanych systému hledani cest, byl jediny shluk pfekazek, jehoz prumér se postupné
ménil. Do poc¢atku jiz zminéné mapované oblasti byl vzdy umistén shluk o ur¢itém pruméru
s pevnym poctem prekdzek. Graf 6.12 predstavuje prumérnou vdhu cesty mezi body (-512;
-512; -512) a (512; 512; 512), kterou nasly systémy ve scéné s jedinym shlukem 1024 prekazek.
Systém Dispatcher v tomto piipadé vykazuje zhorsovani kvality cesty s rostoucim primérem
shluku. To je zpusobeno tim, Ze pro malé pruméry shluku pfrekdzek nachdzi puvodni feseni
cestu, ktera tento shluk obchéazi. Jak je ale zvySovan prumér shluku, takova cesta postupné
ztraci na své kvalité. U systému TrippSys lze naopak pozorovat rostouci kvalitu cesty, res-
pektive klesajici prumérnou hodnotu nebezpeci v jejich uzlech. S rostoucim prumeérem shluku
nahodné generovanych piekdzek dochazi ke zvysovani rozestupu mezi nimi a u cest vedoucich
skrze shluk tak klesa nebezpec¢i definované pravé nejmensi vzdalenosti od nejblizsi prekazky.
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Vlastnosti obou systému pozorované v této sekci lze shrnout do nékolika pozorovani.
Obecné lze tici, ze u nového feSeni TrippSys je vysledna cesta narozdil od systému Dis-
patcher do urc¢ité miry zavisla na topologii prekazek. Predevsim proto, ze v systému Tripp-
Sys jsou to praveé pirekazky, které definuji mnozinu v8ech hran, nad kterymi muze byt ndsledné
hledana cesta. Pokud piekazky nejsou rozlozeny rovnomérné v ramci mapovaného prostoru,
patcher ma k dispozici hrany v celém mapovaném prostoru, ale jen v oblastech s mensim
nebezpec¢im je jich méné. Presto vsak nové feSeni poskytuje kvalitnéjsi cesty nez puvodni sys-
tém Dispatcher. Jak jiz bylo uvedeno v sekci 6.3, u puvodniho FeSeni se cesta hledd v radmci
adaptivni struktury po hranédch a diagonélach clusteri. Vzhledem k tomuto "nedostatku vol-
nosti” pak vysledna cesta neni tak kvalitni (bezpe¢nd) jako v systému TrippSys, kde se hrany
triangulace nachdzi v maximalni vzdélenosti od nejblizsich ptekazek.

TrippSys (Dijkstruv alg.) Dispatcher (Dijkstruv alg.)

’ Vel. prekazek [-] H Doba [ms] ‘ Prum. véha [-] ‘ Doba [ms] ‘ Prum. véha [-] ‘
100 0 0.001805208 31 0.974307883
200 0 0.001669333 47 0.773603992
300 16 0.001678923 47 0.87408289
400 0 0.001738532 0 0.794711668
500 0 0.001613457 15 0.833338829
600 0 0.001499755 0 0.905964757
700 0 0.001577041 16 0.943980884
800 31 0.001576423 47 0.752994169
900 0 0.00168283 0 0.765281741
1000 0 0.001571933 16 1.001918449

Tabulka 6.4: TrippSys a Dispatcher - charakteristiky cest pro prekazky ruznych velikosti
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Obrézek 6.9: TrippSys a Dispatcher - doba piedzpracovani (prekdzky ruznych velikosti)
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Obrézek 6.10: TrippSys a Dispatcher - prumérnd vdha cesty (prekdzky ruznych velikosti)
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Obrézek 6.11: TrippSys a Dispatcher - prumérnd vaha cesty (prekazky rozdélené do shluku)

Obréazek 6.12:
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TrippSys a Dispatcher - prumérna véha cesty (piekdzky v jednom shluku)
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Kapitola 7
Zaver

7.1 Splnéni cila

Podle pozadavkl uvedenych v sekci 1.1 byl navrzen, implementovan a otestovan systém s pra-
covnim oznac¢enim TrippSys pro hledani cest v hernich aplikacich a prostfedi virtualni rea-
lity. Ten pouziva reguldrni triangulaci [ZemO07] pro déleni prostoru mezi prekazkami, pres-
néji feceno k jejimu generovani pouziva pozice a pruméry obalovych kouli prekdzek. Jelikoz
je ke konstrukci triangulace pouzit algoritmus inkrementalniho vklddani, umoziuje systém
velmi rychlou registraci novych piekazek. Dudlni struktura triangulace je nasledné pouzita
pro hledani cest v prostoru pfekazek, ptricemz k dispozici je Dijkstriv algoritmus, vlastni
suboptimélni algoritmus (gaps filling) a A* algoritmus s moznosti definice vlastni heuristické
funkce pro ohodnoceni vrcholu grafu.

Pro pfedstaveni a otestovani navrzeného ptistupu byla pfipravena herni aplikace simulujici
prilet polem asteroidu a konzolova testovaci aplikace. Oba programy vyuzivaji dynamickou
knihovnu projektu TrippSys a pro ucely testovani také knihovnu puvodniho feseni Dis-
patcher.

7.2 Vysledky

U implementace predstavovaného feSeni byly testovany charakteristiky, které jsou dulezité
nebo zajimavé vzhledem ke kontextu pouziti tohoto systému, a v relevantnich piipadech byly
jeho vlastnosti porovnany s puvodnim feSenim, které popisuje kapitola 3. Konstrukce regularni
triangulace pro pocatecni mnozinu 20 piekdzek vyzaduje ¢as piiblizné 437ms a piidani nové
prekazky do této mnoziny pak trvd méné nez 16ms. Pro srovnani uved’'me, ze puvodni sys-
tém Dispatcher vyzaduje pro stejny pocet piekdzek, kde je polovina z nich interpretovana
jako statickd a druha polovina jako dynamicka, pfiblizné 10s pro svou inicializaci a 1,5s pro
adaptaci na nové pridanou prekazku.

Pro ruzné pocty prekazek byl sledovan také ¢as nalezeni cesty v jiz zminéné dudlni grafové
struktuie. Navrhovany pseudooptimalni algoritmus gaps filling dokazal v piipadé 26 prekazek
nalézt 1,1-optimalni feSeni v az 5-krat krat$im case oproti optimalnimu Dijkstrovu algo-
ritmu, kterému v tomto piipadé trvalo nalezeni cesty piiblizné 78ms. Tento ¢as by ziejmé byl
dostatecné kratky pro pouziti v jednotlivych iteracich programu, ale presto je velmi dulezité
hledat moznosti urychleni, protoze v jedné iteraci programu muze byt pozadovano nalezeni
vice cest, napf. pro ruzné pocitatem ovladané avatary.
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7.3 Dalsi postup

Schopnost regularni triangulace odebirat body byla v dobé vzniku tohoto dokumentu ve fazi
testovani. Hlavnim 1kolem v nadchézejicim vyzkumu je tedy odladéni této operace a jeji plné
vyuziti v projektu TrippSystem, ktery prozatim nabizi pouze moznost registrace novych
prekazek. Do dalsi analyzy a experimentu bude zaclenéno také srovnani s Delaunayovo tri-
angulaci. Momentdalni feSeni neuvazuje piekazky jako takové, ale pouze jejich obalové koule.
Dalsi z moznych cest pii budoucim vyvoji tohoto systému by tak mohlo byt rozsifeni, které
by (pseudo)optimalni cestu mezi obalovymi koulemi prekéazek déle zpracovéavalo a upravovalo
podle jejich konkrétniho tvaru. TrippSystem navic v dobé vzniku tohoto dokumentu pracuje
s bodovym avatarem a jeho rozméry prozatim zanedbava. Budouci vyvoj bude misto hledani
samotnych cest orientovan spiSe na hleddni uréitych “tunelt”, ve kterych se nédsledné muze
pohybovat avatar o konkrétnich rozmeérech.
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Prehled zkratek a znaceni

Nasledujici tabulka popisuje veskeré zkratky a znaceni pouzitd v této praci.

A* Heuristicky algoritmus hledani cest

ASM Adaptive spatial memory (adaptivni struktura pouzitd
v [AGO05))

BFS Breadth first search (algoritmus prohledavani do sitky)

CDT(P) Delaunay triangulace s omezenim nad mnozinou bodu P

CGT(P) "Zrava” triangulace s omezenim nad mnozinou bodu P

CH(P) Konvexni obalka mnoziny bodu P

D* Uprava algoritmu A* pro dynamické prostiedi

DDT(P) Datové zavisld triangulace nad mnozinou bodu P

DFS Depth first search (algoritmus prohleddavani do hloubky)

DT(P) Delaunayova triangulace nad mnozinou bodu P

G(V.E) Graf s mnozinou uzli V' a mnozinou hran F

GT(P) "Zrava” triangulace nad mnozinou bodu P

IDT Image distance transform (vypocet potencidlového pole
prekéazek)

MST Minimum spanning tree (minimélni kostra grafu)

RT(P) Reguldrni triangulace nad mnozinou bodu P

T(P) Obecna triangulace nad mnozinou bodu P
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Dodatek B

Uzivatelska dokumentace

Nasledujici sekce popisuji instalaci a ovladani ukazkovych, resp. testovacich aplikaci, které
jsou prilozeny k tomuto dokumentu na CD.

B.1 Aplikace GalaxyWars

Ukazkova herni aplikace GalaxyWars byla pfipravena v jazyce C# 2.0 s pouzitim knihoven
XNA Game Studio 2.0!, které zastfesuji knihovny Microsoft DirectX? a piiddvaji dalsf
prvky uzite¢né pii vyvoji her. K jejimu spusténi je tedy vyzadovana instalace zakladni skupiny
knihoven pro .NET Framework 2.0%, DirectX? a XNA Game Studio 2.0°. Zdrojové
kédy aplikace je mozné nalézt v adresaii Source/GalaxyWars a zkompilovand release verze
pro architektury x86 je pfipravena v adresifi Binaries/GalaxyWars. XML soubor Galaxy-
Wars.settings ulozeny spoletné se zkompilovanou aplikaci definuje jeji nastaveni, uved’'me

vvvvvv

ty nejdulezitéjsi (veskera nastaveni pak lze ménit piimo v aplikaci, viz obr. A.6):

ResolutionWidth, ResolutionHeight urcuje rozliseni obrazovky pro béh aplikace. V pii-
padé, ze jsou tyto hodnoty nastaveny na nulu, je pfi spusténi aplikace pouzita automa-
ticka detekce rozliSeni.

Fullscreen nabyva logické hodnoty true nebo false. Nastavenim na true je aplikace spus-
téna v celoobrazovkovém rezimu a naopak.

PostScreenEffects opét nabyvé logickych hodnot true nebo false a lze pomoci ni zapnout
nebo vypnout grafické efekty, které maji velky vliv na rychlost a plynulost aplikace.

Ovladani samotné aplikace je mozné nékolika zpusoby. Zikladni ovlddani lze vy¢ist z obr. A.7
a kompletni piehled pak predstavuje tabulka B.1.

"http://creators.xna.com
http://msdn.microsoft.com/directX

3K dispozici na CD: Source/dotnetfx.exe

4K dispozici na CD: Source/directx_9c_redist.exe
5K dispozici na CD: Source/xnafx20_redist.msi
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Akce

H

Ovladani

Orientace lodi

Pohyb mysi, kurzorové klavesy

Zrychleni Levé tl. mysi, klavesa A

Zpomaleni Pravé tl. mysi, kldvesa Z
Zap./vyp. zobrazeni pozadi klavesa S
Zap./vyp. zobrazeni cesty klavesa P
Zap./vyp. zobrazeni grafu klavesa D
Zap./vyp. zobrazeni vrcholu klavesa V
Zap./vyp. automatické navigace klavesa F
Presunuti na zacatek cesty klavesa R

Tabulka B.1: Ovladani aplikace Galaxy Wars

B.2 Aplikace Measuring

Measuring je ¢isté konzolové aplikace, ktera slouzi k analyze a testovani predstaveného sys-
tému bez grafického vystupu (vysledky analyzy jsou vzdy zaznamenany do soubort). Ovladat
ji Ize preddnim parametru pii spousténi. Vycet akceptovanych parametru je uveden v tabulce
B.2, pficemz vektor muze byt zadén jako <x;y;z>, (x;y;z) nebo [x;y;z]. Néasledujici piiklad
provede test systému Dispatcher a TrippSys pro ruzné pocty piekazek (1000 - 5000 prekazek
s krokem 100) a déle pro ruzné velikosti prekazek (ponechané ptuvodni hodnoty) v mapované

oblasti se stfedem v pocatku a s rozmeéry 256x256x256:

Measuring.exe amount size minObstacles=1000 maxObstacles=5000
obstaclesStep=100 bBoxMin=(-128;-128;-128) bBoxMax=(128;128;128)

Zdrojové koédy aplikace je mozné nalézt v adresaii Source/Measuring a zkompilovanou

verzi pro architektury x86 lze najit v adresafi Binaries/Measuring.




Parametr ‘ Vyznam ‘
amount Test zavislosti vlastnosti systému na poctu piekazek
(vysledky jsou ulozeny do souboru obstacles-count.csv)
size Test zavislosti vlastnosti systému na velikosti piekazek
(vysledky jsou ulozeny do souboru obstacles-size.csv)
clusters Test z&avislosti vlastnosti systému na shlukové topologii
prekazek (vysledky jsou ulozeny do souboru cluster-
obstacles.csv)
growingcluster Test zavislosti vlastnosti systému na topologii piekazek

s jednim rostoucim shlukem prekazek (vysledky jsou ulozeny
do souboru growing-cluster.csv)

bBoxMin=wvektor

Minimélni hodnoty pro ndhodné rozmisténi piekdzek (bez
jeho zadéni je pouzit vektor (-512, -512, -512))

bBoxMax=wvektor

Maximdln{ hodnoty pro ndhodné rozmisténi prekézek (bez
jeho zadéni je pouzit vektor (+512, +512, +512))

minSize=-celé_cislo

Minimélni hodnota pro ndhodné rozméry prekazek (bez je-
jiho zadéni je pouzita hodnota 100)

maxSize=_celé_cislo

Maximélni hodnota pro ndhodné rozméry prekazek (bez je-
jiho zadéni je pouzita hodnota 1000)

sizeStep=-celé_cislo

Krokova zména rozméru piekdzek (bez jejiho zadani je
pouzita hodnota 100)

minObstacles=celé_cislo

Minimélni pocet generovanych piekazek (bez jeho zadani je
pouzita hodnota 1000)

maxObstacles=celé_cislo

Maximélni pocet generovanych piekéazek (bez jeho zadéni je
pouzita hodnota 10000)

obstaclesStep=celé_cislo

Krokova zména poc¢tu piekazek (bez jeho zadédni je pouzita
hodnota 1000)

Tabulka B.2: Ovladani aplikace Measuring
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Vedouci prace: Doc. Dr. Ing. Ivana Kolingerova

Abstract. Solutions for the common problem of path planning in an abstract
environment have been extensively developed in many scientific disciplines.
However, almost all explored techniques assume the environment is static and
completely known. In our proposal, we introduce a model for the real-time path
planning in a known, unknown and dynamic environment. Our hybrid
technique combines a graph and grid representation of the examined space
while preserving the advantages from both ways of the representation. As the
result, the method offers faster path retrieval then the classical raster approaches
in a dynamic environment where it is impossible to apply the conventional
graph based techniques.

Keywords: path planning, adaptivity, virtual reality, computer graphics.

1 Introduction

The first methods for finding an optimal path in an abstract environment were
developed even before the computer science appeared. Therefore, there are many fast
and efficient techniques for solving this general task. They are often subdivided
according to the representation of the environment they are able to work with. Some
algorithms demand a graph-like definition (e.g., geometrical definition of all
obstacles) and other algorithms assume the discrete representation is available.

The conventional algorithms have considerable disadvantages when they are to be
used in the real applications. The graph representation of the real environment is
rarely available and its construction is very difficult. The discrete representation of the
examined space is much easier accessible but the algorithm itself is in most cases very
time-consuming. In addition, almost all methods for the path finding and planning
need well-known or static environment which is not often available, either.

In this paper, we combine an adaptive mesh to define all available transitions for
searched paths and a simple 3D matrix to store all raster based values. As the result,
we provide a technique that is faster than the raster based approaches and suitable for
the dynamic environment (preliminary version of our method, without the adaptivity,
has been published in [1]).

ACM Student Research Competition, Praha, 1
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2 State of the art

Path planning in general denotes a basic problem of finding an optimal path between
two specified spots in an abstract environment representation. In this context, the
optimal path means the path satisfying one or more given objectives (the shortest, the
cheapest or the fastest path, etc.). The abstract environment can be represented in a
variety of ways but the algorithms are focusing mainly on evaluated graphs and grids.
There are many ways these environments can be distinguished (dynamic/static,
known/unknown environments, etc.) which implies a similar distinction of the path
planning techniques.

2.1 Graph based methods

The Visibility graph [3] technique extends the provided definition of the environment
with the edges connecting the points that can “see” each other. The new edges (and
the edges defining the sides of each obstacle) then represent the possible transitions
for the optimal path retrieval. An example of such a preprocessing can be seen in
Figure 1 on the left.

The Minkowski sum [4] technique is a similar approach that considers the shape
of the passing object and ,,inflates” the borders of obstacles so that the collision-free
path can be solved. An example of this approach is presented in Figure 1 on the right.

Figure 1: Examples of a scene processed with the Visibility graph technique
(on the left) and Minkowski sum technique (on the right)

2.2 Raster based methods

A grid representation can be precomputed or modified at the beginning of the
algorithm. In reference to the modification of the explored grid, the potential field
model [5] can be used for filling the grid with the discrete values of a specific
potential field generated by all obstacles. Passing through the grid elements with the
lowest potential values then ensures finding the path with the maximal clearance
among all obstacles. The most known techniques for searching itself are for example
the A* and the D* (for the changing environment) algorithms.
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3 The proposed model

In the proposed solution, we come out of a general idea of a fictive terrain exploration
with the help of autonomous robots. These robots (also called scouts or agents) survey
certain locations of the examined terrain according to the orders from certain
headquarters (HQ). Headquarters then keep specific “paper maps” to sketch in the
discovered obstacles and other threats which are then periodically complemented and
updated with the actual values measured by the scouts. After certain time, the static
obstacles are fully mapped throughout the explored space, the safest paths (in terms of
the maximal clearance among all obstacles) are known and the scouts are then guided
only to the locations with a suspicion of the possible threats.

Following the mentioned idea of the sensor based terrain, we advance in the
development of a general model for the real-time and adaptive path planning that was
pioneered by R. A. Apu in [2]. The proposed model can be used for both 2D and 3D
applications and works in a complex and dynamic environment which is assumed to
be provided in the raster representation and can be well known, partially known or
even unknown. The described path planning system is based on the following main
headstones:

o A graph-like spatial structure (hereafter referred to as a mesh) that adapts itself
to the examined environment and defines all reachable positions and
transitions with its vertices and edges.

e A grid structure for the discrete representation of certain environment hazards
(hereafter referred to as a map), e.g., the proximity to an obstacle or the
dynamic threats.

The main approach uses two separate maps of the same size for the environment
description. The first one, called obstacles map, represents the danger weights as the
proximities to the nearest obstacle in the mapped space and the second one, called
threats map, represents the potential field generated by all located and observed
threats in the examined terrain. In the following, the proposed model keeps a mesh
that is ,,widespread* over the examined space covered also by the mentioned mapping
structures. This mesh defines all available waypoints and transitions for the path
retrieval and continuously copes with the changes in the mapping structures. Such an
adaptation is achieved by refinement of the mesh in the places with higher error
values (calculated from the obstacles map and threats map) and by merging of the
mesh in the unimportant areas.

The algorithm itself is based on the real-time development of the adaptive mesh
during the particular iterations. According to the presently recorded values in the
maps, the mesh structure is to be refined in the areas with the higher importance and
merged in the areas with the lower importance. In the proposed solution, the adaptive
mesh is used only to define the available waypoints and transitions for the path
retrieval, not for the visualization. Therefore, T-vertices in the mesh do not bring any
problems typical for them in the visualisation of the meshes (they may cause creases
in the model). Foldovers in the mesh are not possible in our case as the vertices are
not moved, just refined.
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In our current solution and demonstrating application, we assume the obstacles in
the environment are already completely explored — the obstacles map is filled with the
IDT (Image Distance Transform) technique based on the Voronoi diagrams [6].
Concretely, the elements of the obstacles map are evaluated according to their
proximity to the nearest obstacle with the real value from 0 (minimal proximity) to 1
(maximal proximity to the nearest obstacle or the obstacle itself). The elements of the
threats map are then evaluated in a similar manner during the mesh adaptation.

= e
a3

-
. .-
.
obstacles threats

Figure 2: An example of the 2D sensor-based terrain exploration and
corresponding mesh adaptation

4 Experiments & results

We have implemented a simple application (in the C# language with the Direct3D
libraries) to provide the results and comparisons of our algorithm. In this
demonstrating application, we generate a certain number of obstacles formed by the
solid spheres with different radii and we also add some abstract threats represented by
the small red cubes. During the program run, the threats are directed to the random
locations of the examined space and the adaptive mesh is refined in each iteration.
The obstacles map is precomputed and filled with the corresponding values before the
main loop of the program. To demonstrate the adaptivity of the algorithm, the optimal
path is recomputed after each refinement of the mesh.

4.1 Survey of the tests

For our survey, we have selected and measured the following variables as the most
characteristic and important parameters of the proposed method:

o Clusters amount defines the count of the atomic elements in the adaptive
structure (in Figure 2, these are the smallest squares with all corners connected
to each other).

e Adaptation time determines the time needed for a single iteration of the
adaptive structure progression.
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e Path finding time denotes the time needed for finding the optimal path
between two constant spots in the opposite corners of the explored space.

The parameters have been measured with a number of testing datasets to present
the qualities and possible weak points of our implementation. These datasets are
desrcibed in the legend of each plot. The letter ‘O’ marks the obstacles count, letter
‘G’ indicates rank of the grid and the letter ‘D’ stands for the maximum level of the
mesh division.

First of all, we present the functional dependence of the clusters amount on the
particular iterations of the program in Figure 3. At the very beginning of the main
loop, we can see a rapid growth of the clusters amount as the adaptive mesh refines
itself around the obstacles. The remaining behaviour highly varies due to the
movement of the threats in the scene. When the threat shifts off from the near
obstacles, it raises the weight value of the previously unimportant locations and so
evokes a new refinement of the mesh around these locations.

Amount of the clusters during the program run

Dataset #3 (0:16, G:64, D:4) — Dataset #4 (0:16, G:64, D:S)‘

2500

2000

1500 A

1000

Amount of the clusters

500 A

0 T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Program iteration

Figure 3: A clusters count dependent on the program iterations

The environment of the testing application changes itself in an absolutely random
way as the threats are directed to the random locations in it. It is still possible to
discover some events in the application from the presented dependencies. We can take
a look for example at the graph for the dataset 4 in Figure 3: the growth in the graph
(during the iterations 0-50, 250-300, 450-500, 650-750 and 800-900) are due to the
threats that move away from the nearest obstacles and so invoke the mesh refinement
in the previously unimportant locations. In Figure 3, we can also see the dataset 4 is
much more varying than the dataset 3 but there is a clear explanation for it. With the
higher level of maximum mesh division, there are more clusters reacting on the
threats movement.
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4.2 Obstacles count independence

We have measured the properties of our solution for 256, 512, 1024 and 2048
obstacles randomly dislocated throughout the space. Figure 4 shows the clusters
amount and Figure 5 shows the path finding times for these new configurations. The
graphs indicate that the qualities of our method are not directly dependent upon the
obstacles amount. The differences in these graphs are caused by the obstacles
topology in the scene that is randomly generated for each dataset.

Clusters count during the program run

Dataset #1 (0:256, G:64, D:16) = Dataset #2 (0:512, G:64, D:16) ]
Dataset #3 (0:1024, G:64, D:16) Dataset #4 (0:2048, G:64, D:16))
4000
3500 +
3000 +
g 2500 +
2000 +
[
2 1500 A
O
1000 -
500 +
0 T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Program iteration
Figure 4: Clusters counts in the particular iterations
Path finding time during the iterations
— Dataset #4 (0:2048, G:64, D:16) = Dataset #3 (0:1024, G:64, D:lé)"—
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4.3 Non-adaptive mesh comparison

Figure 6 compares the results to the two equivalent adjustments of our old algorithm
with the regular mesh (in this case, ‘G:64’ means the regular mesh consisting of
64x64x64 clusters). The times for the regular mesh stay around the value 400ms
whereas the times for finding the path in the adaptive mesh strongly vary but they
never achieve the time needed by the old algorithm. Figure 7 then presents the values
measured simultaneously with the path planning times for Figure 6 (values are
interpolated by the polynomial regression of the third degree) and demonstrates the
identical results in the path optimality for these techniques. In this context, the path
optimality is evaluated according to the highest danger weight in the waypoints on the
found path where this optimality grows with the descending maximal weight (Figure

7 shows this maximal weight during the program run).
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Combined environment representation in a new path planning approach

The measurements show the proposed path planning method is a suitable
alternative for the path planning in dynamic environments: it is faster than the raster
based approach and it is usable in the applications where the graph based techniques
fail. On the other hand, there are still high memory requirements due to the 3D matrix
for the grid used in our solution.

5 Conclusion

We have outlined the possible model for the path planning system that eliminates the
described disadvantages of the conventional approaches applied in the virtual reality.
We have measured the most important properties of our implementation and provided
the gained dependencies, some of them compared to the results of the conventional
approach. The provided method can be used in 2D and 3D applications and works in
the known, partially known or unknown and dynamic environment. In comparison
with the regular mesh, the method with the adaptive mesh needs only about 10-50%
of the original time for finding the optimal path (while the optimality results are
equal). The more detailed description of this method can be found in a scientific paper
“Path planning in dynamic environment using an adaptive mesh” submitted to the
VRST conference in Limassol, Cyprus, 2006. The proposed solution is still under
development and there are many possible ways to improve this path planning model.
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Abstract

In research literature and many scientific disciplines,
solution to the common problem in path planning for an
autonomous robot has been extensively developed.
Almost al explored techniques assume the robot has
complete and detailed overview of the environment heis
moving in. In addition to, many methods work over the
graph representation of this environment which can be
very difficult to construct or obtain in the red
applications. This paper introduces a hybrid technique
combining graph and grid representations of an examined
space and capable of planning paths in known, partialy
known, unknown and dynamic environment at the price
of the pseudo optimality of results.

1 Introduction

General problem of finding and planning of an optimal
path is a highly explored topic in several scientific areas.
There are many approaches and techniques for solving
this task. They are in most cases based either on graph or
grid representation of the examined environment. In
other words, some agorithms for path planning demand
graph-like geometric definition of the processed scene
(e.g., definition of all obstacles and forbidden areas) and
other algorithms assume the discrete representation of the
surrounding environment is provided. Most of these
techniques generally do not distinguish the dimension of
examined scene - they can be used either in 2D or 3D
applications without any difficult modifications. Graph
based approaches usually derive special structures from
the provided environment description and work with
them whereas the raster based approaches usually do not
need such pre-processing and search the path directly in
the provided grid.

Both ways of environment representation have crucial
and radical disadvantages. Graph representation of a real
environment is rarely available and its construction is - if
possible at al - very complicated and difficult.

pebro@students.zcu.cz

On the other hand, discrete representation of the
examined space is much easier accessible and
mesasurable but the algorithm itself isin most cases (due
to the amount of raster elements to inspect) very time-
consuming. In addition, almost al methods for path
finding and planning need either well-known or static
environment which is not ways available, either.

A great improvement for this type of applications can
be achieved with the combination of discrete and graph
environment approaches. Such a technique could use
adaptive spatial structure as a graph with vertices and
edges evaluated according to the values from the
provided grid. Then it would be able to discover pseudo
optimal path (optima among al available transitions in
the graph) and, for example, continuoudly adapt this
spatial structure to the actua state of environment and
other dynamic influences.

In this paper, we propose a possibility for path
planning over the combined environment representation
which eliminates (or at least reduces) the disadvantages
of mentioned conventional approaches at the price of the
pseudo optimality of results. The content of the paper is
as follows. Section 2 explains state of the art together
with the best known techniques. Section 3 describes the
proposed path planning model and in the section 4, our
actual solution and implementation is outlined. Section 5
shows the results gained by our solution and in section 6,
the future work of the proposed path planning approach
is presented.

2 State of the art

Path planning denotes a basic problem of finding an
optimal path between two specified spots in an abstract
environment representation. In this context, optimal path
means a path satisfying one or more given objectives (the
shortest, the cheapest or the fastest path, etc.).
Environment can be represented in a variety of ways but
the path planning agorithms are focusing mainly on
evaluated graphs and grids. There are many ways these
environments can be differentiated (dynamic/static or
known/unknown environments, etc.) which implies a
similar distinction of path planning techniques according
to the types of environment they are able to work with.



First, let us introduce the approaches based on the
graph representation of the surrounding environment.
Visibility graph technique [Her87] extends the basic
provided graph with edges connecting vertices that can
“see” each other whereas the source and destination
position is treated as an obstacle, too. New edges
(together with edges defining sides of each obstacle) then
represent possible transitions and through them, the
optimal path can be found. Example of such pre-
processing in 2D application can be seen in Figure 1:
edges of all obstacles (bricks pattern filling), starting and
ending position (points labelled S and E) are connected
according to their mutual visibility and over possible
transitions (thin lines and obstacles sides), the optimal
path (dashed lines) is selected.

Figure 1: An example of scene processing with the
“Visibility graph” technique

Minkowski sum [Ram96] is a similar approach that
(unlike the previous method) considers the shape of
passing object and “inflates’ borders of obstacles so that
the collision-free path can be solved. Example of such
pre-processing is presented in Figure 2: the same
obstacles as in Figure 1 are inflated with the radius of
obstacle (gray areas) and the collision-free path (dashed
lines) between starting and ending position (spheres
labelled S and E) is selected. With the specia structure
prepared, both approaches can use Dijkstra’s algorithm
[DPV04] or similar to find the appropriate path.

Figure 2: An example of path planning with the
“Minkowski sum” method

Second, we are providing insight into the techniques
based on the grid representation. Such a grid can be
precomputed (if not provided) or modified at the
beginning of the algorithm. In reference to the
modification of the explored grid, a potential field
model [War90] can be used for filling the grid with
discrete values of a specific potential field created by all
obstacles — passing through the grid elements with the
lowest potential values then ensures finding the path with
the maximal clearance among all obstacles. Most known
techniques for searching itself are for example A* (for
well-known environment; [Bat04]) and D* (for
unknown, partialy known or changing environment;
[Ste94]) algorithms. Figure 3 documents the manner of
such path finding in the grid: obstacles from Figures 1
and 2 are now splitted into the grid and in this grid,
optimal path between starting and ending position (cells
labelled S and E) over the grid cellsisillustrated.

Figure 3: An example of theraster based path planning



3 The proposed solution

To provide a suitable method for the applications where
the mentioned techniques fail, we are focussing on a
general path planning technique that works in the known,
partially known or unknown discrete environment and is
designed for the virtual reality with the support of the
exploring avatars.

In the proposed solution, we come out of a genera
idea of a fictive terrain exploration with the help of
autonomous robots that are controlled from a specific
kind of headquarters (HQ). These robots (also called
scouts or agents) are equipped with specific sensors
(dependent on the type of the application) and explore
certain locations of the examined terrain according to the
orders from HQ. Such headquarters keep specific ,, paper
maps' to sketch in the discovered obstacles and other
threats which are then periodically complemented and
updated with actual values measured by the scouts.
Agents are then guided to the unexplored locations or to
the important locations according to the actual state of
these maps. After certain time, the static obstacles are
fully mapped throughout the explored space, the safest
paths (in term of the maximal clearance among all
obstacles) are known and the scouts are then guided only
to locations with a suspicion of possible threats. Figure 4
represents an example of such environment exploration
in 2D application: 4 agentsin the terrain collect and send
the information about the obstacles (bricks pattern
filling) and specific kinds of threats (angry face) to the
headquarters and there, the measured values are logged
into the obstacles map (impassable areas) and into the
threats map (a potential field of discovered threat).

;’;157’

‘:% ®
threats ‘

Figure 4: Preview of 2D terrain sensor-based exploration
with the autonomous robots

obstacles

Following the mentioned idea of the sensor based
terrain exploration with the autonomous agents, we
advance in the development of a general model for the
real-time and adaptive path planning that was pioneered
by R. A. Apu in [AGO05]. The proposed model can be
used for both 2D and 3D applications (the only
difference lies in the undermentioned adaptive graph-like
structures) and works in a complex and dynamic
environment which is assumed to be provided in the
raster representation and can be well known, partialy
known or even unknown. The described path planning
system is based on three main headstones:

e A graph-like spatial structure (hereafter referred
to as a mesh) that adapts itself to the examined
environment and defines all available positions
and crossings with its vertices and edges.

e A grid structure for discrete representation of
certain environment hazards (hereafter referred to
as a map), eg., proximity to an obstacle or
dynamic threats.

e Anautonomous Al entity (hereafter referred to as
an agent) for the real-time space exploration and
influencing the mesh adaptation with its
behaviour.

The main approach uses two separate maps of the
same size for the environment description. The first one,
caled obstacles map, represents danger weights as
proximities to the nearest obstacle in the mapped space
and the second one, caled threats map, represents
potential fields of all located and observed threats in the
space. In the following, the algorithm keeps a mesh that
is ,,widespread over each map“ and defines all available
paths the agents can travel during their exploration. This
mesh continuously copes with the changes in both maps
and with behaviour of all agents. Such an adaptation is
achieved by refinement of the mesh in the places with
higher error values (calculated from the obstacles map
and threats map) and by merging of the mesh in the least
visited and unimportant places.

The whole algorithm is based on real-time
devel opment of the adaptive mesh in particular iterations.
According to the recorded values in the maps, mesh
structure is refined in the locations with a higher
importance (the darker locations in the obstacles map and
the threats map in the Figure 4) and it is merged in the
places with a lower importance (in the least visited graph
vertices). In the proposed path planning system, the
adaptive mesh is used only to define the available
waypoints and transitions for the movement and
navigation of the agents, not for visualization. Therefore,
T-vertices in the mesh do not bring any problems typical
for them in the visualisation of meshes (they may cause
creases in the model). Foldovers in the mesh are not



possible in our case as vertices are not moved, just
refined.

In the mentioned fictive application, continuous
prospecting of the environment was a task of the robots
but in our approach and demonstrating application, we
assume the obstacles in the environment are completely
explored - the obstacles map is filled with weights at the
beginning of the algorithm with an IDT (Image Distance
Transform) technique based on the Voronoi diagrams
[Rou98]. Concretely, the elements of the obstacles map
are evaluated according to their proximity to the nearest
obstacle with the rea value from 0 (maximal proximity)
to 1 (minima proximity or the obstacle itself). The
elements of the threats map are then evaluated in a
similar manner during the mesh adaptation.

One iteration of the mesh adaptation in the fictive
application consists of the following general steps
(similar asin [AG05]):

1. Maps completion and updating
The current sensor readings are evaluated in the
close neighbourhood of each agent and the
corresponding map elements are updated or
eventually complemented with the measured val ues.

2. Influence depletion and replenishment

An importance of the recorded values (so called
influence) of each vertex in the adaptive mesh is
partially depleted and then agan partialy
replenished according to the count and distance of
the agents near this vertex. The more agents are in
the proximity of the vertex, the bigger is the amount
of the influence replenishment.

3. Error function evaluation and refinement

The specific error function with the values from the
obstacles map, threats map and influences is
evaluated for each block (in [AGO05], the blocks are
called engrams in a specific spatial structure ASM
— Adaptive spatial mesh) of the adaptive mesh and
according to the result, the blocks are merged,
splitted or left. Figure 5 shows a single stage of the
adaptive mesh for the 2D scene presented in the
Figure 4: the mesh is refined in important regions
(above the obstacles and nearby the threat) and
coarsened in lessimportant or unexplored regions.

4. Orders execution
Each agent executes its orders — he finds an optimal
path to the goal position with the provided cost
function or follows already computed waypoints (if
the path cannot be travelled due to the refinements
of the mesh, the path is recomputed to the last
waypoint).

5. Exploration
If all goas are reached, agents ensure an
exploration of unvisited locations in the examined
space — they automatically plan the path to the
vertices with no values recorded.

Figure 5: Example of the stage of the adaptive mesh for
the same type of the explored terrain

With this approach, after a certain time, the mesh is
fully adapted to the static obstacles and copes only with
the dynamic influences — threats. A pseudo optimal path
for the user can then be computed using Dijkstra’s
algorithm with the cost function similar to the function
used by robots during their exploration in [AGO5].

4 Our solution & implementation

This section provides an overview of our implementation
of the path planning model and closely describes the
implementation details. Therefore, the readers interested
in the algorithm only can skip it. At this moment, our
solution does not fulfil the first mentioned requirement —
use of an adaptive spatial structure for the graph part —
and so it is degraded to the basic type of raster-based
path planning methods. Implementation fundamentals for
this structure have been prepared and we will mske this
generalization in the near future.

The main implementation of path planner is realized
in C# language and the whole proposal is designed for
providing high-level modularity — for each structure
required by the proposed agorithm an interface is
prepared. Each interface defines basic operations the
concrete implemented structure must provide. Figure 6
shows basic elements of scene mapping part:
IRasterMap interface must be implemented by every
mapping structure used in the path planning agorithm.
In compliance with the interface definition, such
mapping structure must be able to provide weight of



mapped space in a certain area or position. Classes
ThreatsMap and ObstaclesMap implement this
interface while work in different way. ThreatsMap
keeps only a list of threats (instances of class that
implements | Threat interface) and ObstaclesM ap class
keeps 3D array for whole mapped space.

Basic elements of adaptive mesh part are shown in
Figure 7: Generic class Mesh implements |Graph
interface (presented in Figure 8) and so provides basic
operations for passing the graph such as passing all
vertices or passing the descendants of the specified
vertex. Engram class is for interna use of the Mesh
class and the delegate labelled BlockWeight defines the
only way for adaptation of the mesh - BlockWeight is a
specific kind of a safe pointer to the function and
requires method that is able to compute weight of certain
area of mapped space. Genericity of the Mesh class
ensures that the class works with any type of vertices.
Only condition for each class of vertex is implementation
of the | Vertex interface presented in Figure 8.

Figure 8 documents top-level elements of proposed
path planning algorithm. Main class Dispatcher requires
above al instance of adaptive mesh class implementing
the generic interface |Graph and list of instances for
mapping the examined space (instances of a class
implementing the | Raster Map interface).
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Figure 6: Class diagram of interfaces and classes in the
mapping part of path planner
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Figure 8: Class diagram of interfaces and classesin the
main path planner

The proposed model provides solution for
applications in known, partialy known or unknown
discretized environment at the price of the pseudo
optimality of the final path. It comes to this, that this
conseguent path is optimal “only” with respect to the
adaptive mesh.



5 Experiments & results 1200 ¢

To survey our current solution, we have prepared a test 10007

application that creates a space with obstacles and uses
the proposed technique for finding the path between two
constant positions. Figure 9 shows the discovered pseudo
optimal path in the space with the obstacles in the form
of spheres with different radii. In the zoom, the same
scene snapshot with weight markers is presented (lighter .
markers represent a low level of danger and darker R S N S SRR SN
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The obstacles map is precomputed at the beginning of
the algorithm and so the rank of this map (a count of the
grid elements in each dimension) does not affect the time
needed for the path planning itself. On the other hand,
rank of (for the present) non-adaptive mesh has a great
impact on this time. Functional dependence of the
elapsed time on the mesh rank is evaluated and presented
in the figure 10. The considered example finds a path in
the same scene as in Figure 9 with obstacles map rank
equal to 64. The computer configuration is disposed with
AMD Athlon XP 1.67 GHz and 512 MB DDR RAM.

Figure 10: Elapsed time for the path finding dependent
on therank of the used non-adaptive mesh

Figure 11 demonstrates using of the proposed path
planning system in 2D applications and indicates the
dependence of the path optimality on the rank of the
mesh. Optimality of the path increases with the
punctuality of the mesh (Figure 11 presents examples for
the ranks 24, 36 and 48). Increase of the rank implicates
the growth of the memory usage.

Figure 11: The discovered path for the different ranks of

Figure 9: Mapped space with the obstacles and found the adaptive mesh

path (in the zoomed snapshot with weight markers)



6 Conclusion & future work

We have proposed hybrid and real-time path planning
technique for real applications with the ability to read
information about environment through the specific
devices equipped with sensors. The provided method can
be used in both 2D and 3D applications and works in
known, partially known or unknown environment. We
cooperate on research with authors of this technique in
the team from the University of Calgary.

In the future, we are going to improve several parts of
the algorithm solution:

e Enhancement of a method for filling the obstacles
map according to the scene description: In our
solution, we use unoptimized code for filling the
obstacles map. If we want our technique to be
usable in computer defined and abstract
environment, we must assume the scene will be
provided in one of the description formats. So it
would be better to improve the way the map grid
is created and filled from this scene
representation.

e Enhancement of the adaptive structure: The way
the adaptive structure copes with changes in
mapped space is another great factor of algorithm
performance. Topology and adaptation behaviour
of this structure are main ways we want to focus
on.

¢ Interleaving the waypoints of the found path with
a specific curve is another step to make the path
planning results look more human-like. While
creating this curve, we must keep the collision-
free property of found path and that will be
another way of development we are going to take.
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Abstract

Path planning belongs to the best-known and well
explored problems in computer science. However,
in today’s real-time and dynamic applications, such
as virtual reality, existing algorithms for static
environment are considerably insufficient and,
surprisingly, almost no attention is given to
techniques for dynamic graphs. This paper
introduces two methods to plan a path in an
undirected graph with evaluated nodes whose value
can vary in time: a simple modification of
Dijkstra’s algorithm to find an optimal path while
processing considerably less nodes than the
standard Dijkstra’s algorithm and a heuristic
method to find a suboptimal path while processing
even smaller amount of nodes. The heuristic was
developed for a virtual reality path planning
application but its use is more general.

Keywords: Path planning, Dijkstra, Virtual reality,
Computer graphics

1 Introduction

Path planning belongs to the basic problems not
only in the computer science. For that reason, there
were developed many methods for determining a
path that satisfies one or more optimality criteria
according to a utilizing application. However, most
of these path planning methods assume that the
input structure, in most cases an evaluated graph,
does not change its topology or rating. Nowadays,
in time of the virtual and augmented reality, many
dynamic applications arise and surprisingly, almost
no attention was given to algorithms for the
dynamic path planning, namely for fast, suboptimal
solutions.

To follow requirements and context of our
currently developed path planning system for the
virtual reality, we focus on a slightly different

definition of a dynamic graph. The overall system
uses a 3D raster and an adaptive spatial structure
(Figure 1) with rated nodes to enable finding a
suboptimal path with the maximal clearance among
all obstacles and moving threats. Therefore, we
understand a dynamic graph as a graph with
varying evaluation of the nodes. As for our virtual
reality application the speed is more critical than
optimality, we concentrate on suboptimal approach.

Figure 1: A visualization of data structures in our
related VR project

In this paper, we present a modified Dijkstra’s
algorithm to plan an optimal path and a heuristic
method to plan a suboptimal path in a dynamic
graph without using any particular data structure.
Our simple heuristic uses path information from the
last graph traversal and provides suboptimal results
in a notably shorter time than repeated optimal path
computation. We compare this heuristic with the
optimum on a dynamic graph with different ways of
behavior.

! pebro@students.zcu.cz
? This project is supported by the Ministry of Education
of the Czech Republic — project No. LC 06008



Section 2 describes the best known techniques
for the static path planning and for the graphs with
the possibility to insert or remove an edge. Section
3 presents the proposed algorithms and section 4
outlines experimentally gained characteristics and
results. Section 5 then compares the presented
algorithms with other techniques.

2 State of the art

Path planning represents a general task of finding
an optimal path between two given spots in an
abstract environment representation, in most cases
in an undirected graph with weighted nodes or
edges. Depending on a utilizing application, an
objective of this task can be, e.g., the shortest path,
the fastest path or the cheapest path.

First, we shortly summarize the standard
algorithms for planning an optimal path in a static
graph. The best known algorithm, the so called
breadth-first search [3], finds shortest paths in any
graph with unit weight of all edges with the overall
running time O(|V|+|E|) where |V| means number of
the vertices and |E| represents number of the edges
in the graph. Dijkstra’s algorithm [4] finds optimal
paths in a more general graph whose edge lengths
are positive integers with the running time
O((JVI+E]).log|V]). A simplified version of this
technique is shown in an Algorithm 1 — distance
property defines an integer distance between a
current node and a starting node; previous
property refers to a preceding node on the presently
found path.

Finally, the shortest paths in a graph whose
edges can be evaluated even with negative number
can be found with the Bellman-Ford algorithm [3]
with the time complexity O(|V|.|E)).

Next, we survey the algorithms for a graph with
the possibility to remove or insert an edge. There
are only few methods for planning an optimal path
in such a graph [1, 4, 7, 9]. Most of these methods
solve the so-called all pairs shortest path problem
and are based on a special data structure. For a
graph with unit edge costs, Ausiello and Italiano
presented a data structure [1] which is able to find
the shortest path between every pair in linear time
O(|E|). However, maintaining the data structure
requires the total time O(|V|’.log|V]) in the worst
case of insertion of at most O(|V[?) edges. Similar
approaches [4, 5, 6, 11, 12] were presented to solve
the all pairs shortest path problem, again by using a
special data structure.

Input: the graph G(V, E),

the starting node S,

the target node T
Output: evaluation of nodes in G

Auxiliary: P - set of complet. nodes

U,W — auxiliary nodes
e P & empty set
e Foreach node in V
o Set distance to infinity
o Set previous to null
e Set S.distanceto 0
e InsertSto P
e While not (P contains all nodes)
o From V, find an edge between U P and
W¢& P such that U.distance+W.weight is
minimal
o Set value of the W.distance to
U.distance+W.weight
o Set W.previous to U
o Insert Wto P
o If Wis the target node, break the cycle

Algorithm 1: A simplified graph processing using
the Dijkstra’s algorithm

3 The proposed methods

The presented methods come out from the standard
path planning algorithms for static graphs. The
heuristic is adapted to find a suboptimal path
without using any special data structure in dynamic
graphs with varying evaluation of their nodes. The
input graph can have nodes of different degree with
a positive integer evaluation which may vary in
time. The evaluation changes may be randomly
scattered over the whole graph but in the context of
virtual reality applications, we expect the changes
to be concentrated according to the movement of
Hthreatening® avatars.

Our first technique was inspired by [10] and
assumes that after the evaluation change, the
existing path is affected mainly by the ,near
changes” of the graph evaluation. In addition, it
assumes that with each iteration, the starting
position — actually the momentary position of a
moving avatar — gets nearer to the fixed destination
point. Therefore, we use the standard Dijkstra’s
algorithm to find the path in the reverse direction —
from the destination node to the current starting
node. Let us denote this approach Backward
Dijkstra. In comparison with the forward direction,
fewer nodes are visited. Figure 2 shows the



algorithm planning a path from the starting node
S to the destination node T at the beginning and
after two iterations — the nodes visited during the
graph traversal are highlighted with gray color.

Figure 2: An example of path planning using the
Backward Dijkstra’s algorithm

Our second method uses the strategy that
preserves as much of the original path as possible
instead of finding the new optimal path after each
change in the graph. It updates the last found path
only in the nodes with changed evaluation. This
resulting path obviously does not satisfy the
optimality criteria. However, the mentioned virtual
reality project and similar applications insist on the
overall speed rather than on the path optimality. We
call this approach Gaps filling method because of
its corresponding behavior. In Algorithm 2, we
show how the Gaps filling method refreshes the last
found path. It can be seen that the technique stores
a list of nodes on the presently found path together
with their last known evaluations. In next iteration,
it preserves the nodes with equal or better
evaluation and spans the worse nodes with a new
subpath. Figure 3 shows an original path between
nodes S and T together with a new subpath through
nodes A, B after the original path was disconnected
in the middle node. In case that all nodes of the
previous path have worse evaluation, a complete
path from the starting node to the target node is
found.

Input: the graph G(V, E),

the last found path W,
Output: the new suboptimal path W
Auxiliary: N — set of new nodes

e Move the starting node from Wto N
e Foreachnode Xin N
o If X has equal or better evaluation or if it is
the target point, find a new path from
last(N) to X and insert the new nodes to N

Algorithm 2: A graph processing using the gaps
filling heuristic

Figure 3: An example of path planning using the
Gaps filling method

4 Experiments & results

For the purposes of comparison of the presented
algorithms, a simple C# application was prepared to
examine the behavior of the standard techniques
and the proposed methods applied on an identical
graph. The application was designed to enable easy
extraction of the results and properties of each
method. Figure 4 shows a screenshot of the
application with paths generated by the tested
algorithms and 3 additional windows showing the
trends of the particular methods.



For now, the proposed techniques have not yet
been used in the related VR project. However, we
test these methods on similar datasets — we use
graphs defined by an adaptive spatial structure
similar to an octree with a weight value in each
vertex of the smallest undivided areas.
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Figure 4: A screenshot of the testing application
with 3 additional windows showing the trends of
the particular methods

Again for the purposes of the virtual reality
project, the testing data were a dense and nearly
regular graph with an adjustable probability of the
connection of adjacent nodes. Here, the 100%
probability means that each node is connected with
all neighbouring nodes, e.g., with 8 nodes within
the scope of our testing planar graph. The dynamics
of the graph is simulated by enabling to adjust the
evaluation change probability for its nodes or to
handle the evaluation changes directly through the
user input. The compared path planning approaches
were measured for the following cases:

e A graph with 32x32 nodes, connection
probability 75% and random changes of
the nodes evaluation with different
probabilities (25%, 50% and 75%).

e A graph with 32x32 nodes, connection
probability 75% and mouse driven changes
of the nodes evaluation. Weight of each
node was calculated according to its
proximity to the mouse cursor.

The first case should provide a general idea
about behavior of the methods, the second one
simulates moving threats in a VR application.

As representative qualities of the examined
techniques, the following properties were
measured:

e An overall path weight — a sum of the
weights of all nodes on the found path. An
optimal path represents a path with the
lowest overall weight.

e An amount of totally processed nodes — an
amount of graph nodes visited by the
particular graph traversal.

In order to concisely describe the suboptimal
results of the proposed path planning approaches,
an a-optimality term is used. The value a > 1 stands
for a ratio between suboptimal and optimal results.
Following this definition, a 1,25-optimal path is
1,25 times longer or slower (according to the
definition of the optimality) than the optimal path.

Random changes

For a constant probability of the evaluation
change 50%, the proposed Gaps filling method
finds a path that is 1,l-optimal on average
(1,4-optimal in the worst case) and processes one
third of nodes processed by the standard Dijkstra’s
algorithm. Figure 5 displays the overall weights of
the paths found by the examined path planning
methods. It can be seen that the results for the
standard Dijkstra’s algorithm and for the Backward
Dijkstra are identical. Figure 6 then shows the
amount of visited nodes.
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Figure 5: Overall path weight during the program
run for each presented method
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Figure 6: Total number of visited nodes during the
program run for each presented method

It can be seen that Backward Dijkstra often
visits more nodes than the standard Dijkstra’s
algorithm which was a bit surprising result for us at
first but the explanation is simple — total number of
visited nodes obviously depends on the initial node
for the graph traversal. The probability of the
evaluation change highly affects the results of the
presented  heuristic  algorithm.  For  higher
probabilities, more nodes can deteriorate their
evaluation and the last found path has to be
recomputed in more segments but the suboptimality
is for that reason closer to the optimum.

Change Processed Overall path
probability [%] nodes [%] weight [%]
25 13,70 126,26
50 37,75 115,76
75 85,67 108,67

Table 1: Different properties of the Gaps filling for
the particular change probabilities

Another important factor for the quality of the
Gaps filling heuristic is the amount of nodes in the
graph. The higher is the amount of nodes the higher

savings can be achieved by this method. On the
other hand, there is a bigger chance of rising of a
new optimal path that will not be registered by the
presented Gaps filling method.

Driven changes

During the mouse driven changes in the graph
evaluation, the gaps filling method finds a
1,3-optimal path on average and traverses one sixth
of nodes processed by the Dijkstra’s algorithm.
Figure 7 shows an example of the testing
application based on a user interaction to change
the evaluation of graph nodes.

X Dynamic Path Planning (Petr Broz, A06051) ==

Graph  Settings

B @ 4|7

Standard BFS Tiaversal Statistics
Partial Backwards Traversal Statistics
Mew “"Gaps Filling" Method Statistics

Animation Control = §1 Pl

Figure 7: An example of the graph with mouse
driven evaluation of its nodes

Figure 8 shows the overall path weights during
the program run. Again, the results for the standard
Dijkstra’s algorithm and the Backward Dijkstra are
identical. Figure 9 displays the totally visited nodes
during the program run for each presented method.
The results presented in figures 8 and 9 are
measured for specific evaluation changes — all
nodes in the graph are continuously evaluated
according to their proximity to a potential point
which is moving from the bottom-left corner to the
upper-right corner of the area covered by the graph.
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Figure 8: Overall path weight during the program
run for each presented method
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Figure 9: Totally visited nodes during the program
run for each presented method

To show the difference of the Backward
Dijkstra’s algorithm, we offer results of the
measured techniques in case of a moving starting
point. In each iteration, the starting node of the path
moves to its successor — it continuously approaches
the target node. Figure 10 again shows the overall
path weight in about 90 iterations. It can be seen
that the results of the standard Dijkstra’s algorithm
and the backward Dijkstra’s algorithm are equal
while the weight of a path found by the gaps filling
approach stays a bit higher. Figure 11 then shows a
number of processed nodes during the same
measurement. There is a noticeable difference
between the amount of nodes processed by the
standard Dijkstra’s algorithm and the backward
Dijkstra’s algorithm. In this example case, the
backward approach finds an optimal path by
visiting 55% of nodes processed by the standard
technique and the gaps filling approach finds a
1,1-optimal path by processing 25% of nodes.
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Figure 10: Overall path weight for the case of
moving starting point
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Figure 11: Visited nodes for the case of a moving
starting point

5 Conclusion & future work

The Backward Dijkstra’s algorithm provides better
results when used for planning an optimal path
from a moving initial position. In these cases, it can
be a suitable alternative to the standard Dijkstra’s
algorithm.

The proposed Gaps filling approach provides
1,1-optimal results on the average for the graphs
with randomly changing evaluation and 1,3-optimal
results on the average for the user driven changes in
the graph. When applied on an adaptive mesh from
the mentioned virtual reality project, the described
approach found a 1,3-optimal path on the average
by visiting 26% of the nodes processed by the
standard Dijkstra’s algorithm.

Due to the local updates of the last found path,
the presented method does not perceive a possibly
much better path, which may arise far from the last
found path. A possible case may occur if there is an
evaluation improvement around the last found path
— the gaps filling method responds only to an
aggravation of the nodes evaluation and it can miss
the better path as well. However in the virtual
reality, the behavior of the avatars tends to stay on



the previously found path rather than walk around
in a completely new way.

In the future, we will incorporate the proposed
approaches into the mentioned VR system [2] and
we would also like to apply these methods in the
project related to searching and visualisation of
paths in chemicals (Masaryk University, Brno,
Czech Republic). Figure 12 — a screenshot from this
project [8] — shows a tunnel in protein molecules
with a path found by the standard Dijkstra’s
algorithm.

Figure 12: An example of a tunnel in protein
molecules [8]
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Abstract

Solutions for the common problem of path planning in an abstract
environment have been extensively studied in many scientific
disciplines. However, many explored techniques assume the
environment does not change and that there is a complete and
detailed overview of this examined space. In addition, many path
planning methods need to derive a specific graph structure from
the environment representation and it can be often very difficult to
obtain this structure in some real applications.

In our paper, we introduce a general model for the real-time path
planning in a dynamic environment and provide a hybrid
technique that combines a graph and grid representation of the
examined space. The proposed path planning method uses an
adaptive mesh for its graph part to provide the capability of the
assimilation to the changing environment.

The presented method offers faster times for the path retrieval
than the classical raster based approaches and works in a dynamic
environment where the conventional graph based techniques fail.
On the other hand, there are still some higher memory
requirements of the proposed solution due to the necessary raster
representation of the examined environment.

CR Categories: 1.3.5 [Computer Graphics]: Computational
Geometry and Object Modeling; 1.3.6 [Computer Graphics]:
Methodology and Techniques

Keywords: path planning, motion planning, computer graphics,
adaptivity, level of detail, virtual reality

1 Introduction

The first methods for finding an optimal path in an abstract
environment were developed even before the informatics
appeared. Therefore, there are many fast and efficient techniques
for solving this general task. In most cases, these conventional
methods are subdivided according to the representation of the
examined environment they are able to work with. Some path
planning algorithms demand a graph-like definition of the
processed scene, e.g., geometrical definition of all obstacles and
other forbidden areas, and other algorithms assume the discrete
representation of the surrounding environment is available. The
graph based approaches often need to derive special graph-like
structures from the provided environment description and work as
lately as with this structure prepared whereas the raster based
approaches usually do not need such preprocessing and search the
optimal path directly in the provided grid representation of the
environment.
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The path planning algorithms based on both types of the
environment representation have crucial and radical disadvantages
when they are to be used in the real applications. The graph
representation of the real environment is rarely available and its
construction is — if possible at all — very complicated and difficult.
On the other hand, the discrete representation of the examined
space is much easier accessible and primarily measurable but the
algorithm itself is in most cases very time-consuming due to the
amount of the raster elements to inspect. In addition, almost all
methods for the path finding and planning need well-known or
static environment which is not often available, either.

A good improvement for the mentioned applications of these path
planning systems can be achieved with the combination of the
discrete and graph environment approaches. Such a technique
could use an adaptive spatial structure as a graph with its vertices
and edges evaluated according to the specific values from a
collaborative grid structure. It could discover an optimal path
among all available transitions in the graph (but not among the
grid values) and continuously adapt this spatial structure to the
dynamic influences.

In this paper, we propose a possibility for the path planning over
the combined environment representation which reduces the main
disadvantages of the mentioned conventional approaches. We use
an adaptive mesh to define all available waypoints and transitions
for searched paths and a simple 3D matrix to store all raster based
values. As the result, we provide a path planning technique that is
faster than the raster based approaches and suitable for the
applications in the dynamic environment. Preliminary version of
our method, without the adaptivity, has been published in
[Broz 2006].

Section 2 shows some of the best known techniques for a dynamic
path planning, section 3 then describes our proposed method and
section 4 presents results of this technique compared to
conventional methods. Finally, section 5 concludes characteristics
of the presented algorithm and shows a possible future work.

2 State of the art

Path planning in general denotes a basic problem of finding an
optimal path between two specified spots in an abstract
environment representation. In this context, the optimal path
means the path satisfying one or more given objectives (the
shortest, the cheapest or the fastest path, the path with the
maximal clearance among all surrounding obstacles, etc.). The
mentioned abstract environment can be represented in a variety of
ways but the path planning algorithms are focusing mainly on
evaluated graphs and 2D or 3D grids. There are many ways these
environments can be  differentiated  (dynamic/static,
known/unknown environments, etc.) which implies a similar
distinction of the path planning techniques according to the types
of the environment they are able to work with.



2.1 Graph based methods

First, let us introduce the best known approaches based on the
graph representation of the examined space. The Visibility graph
[Hershberger 1987] technique extends the basic provided
geometrical definition of the environment with the edges
connecting the points that can “see” each other whereas the source
and destination position is treated as an obstacle, too. The new
edges together with the edges defining the sides of each obstacle
then represent the possible transitions and through them, the
optimal path can be found. An example of such preprocessing in a
2D application can be seen in Figure 1: the edges of all obstacles
(filled with the bricks pattern), the starting and ending position
(the points labelled with the letters S and E) are connected
according to their mutual visibility and over the possible
transitions (the thin lines together with the obstacles sides), the
optimal path (the dashed lines) is found.

Figure 1. An example of the scene processing
with the Visibility graph technique.

The Minkowski sum [Ramkumar 1996] technique is a similar
approach that considers the shape of the passing object and
Linflates® the borders of each obstacle so that the collision-free
path can be solved. An example of such preprocessing is
presented in Figure 2: the same obstacles as in Figure 1 are
inflated with the radius of the passing object (the gray areas) and
the collision-free path (the dashed lines) between the starting and
ending position (the spheres labelled with the letters S and E) is
found. With the specific structure prepared, both approaches can
use the Dijkstra’s algorithm [Dasgupta et al. 2004] or similar one
to find the appropriate path.

Figure 2. An example of the path planning
with the Minkowski sum method.

2.2 Raster based methods

After the short introduction into the graph-based methods for the
path planning, we are providing insight into the techniques based
on the grid representation. Such a grid can be precomputed or
modified at the beginning of the algorithm. In reference to the
modification of the explored grid, the potential field method
[Warren 1990] can be used for filling the grid with the discrete
values of a specific potential field generated by all obstacles.
Passing through the grid elements with the lowest potential values
then provides the path with maximal clearance among all
obstacles. The known techniques for searching itself are for
example the A* algorithm for the well-known environment
[Batten 2004] and the D* algorithm for the unknown, partially
known or changing environment [Stentz 1994]. Figure 3 shows
the manner of such path finding in the grid: the obstacles from
Figure 1 and 2 are now splitted into the raster and in this raster,
the optimal path between the starting and ending position (the
cells labelled with the letters S and E) over the grid cells is
outlined.

Figure 3. An example of the raster based path planning.



3 The proposed model

To provide a suitable path planning model for the mentioned
applications where the conventional approaches fail, we are
focusing on a general path planning technique that is able to work
in the known, partially known or unknown discrete environment.

We advance in the development of a general model for the
real-time and adaptive path planning that was pioneered by
R. A. Apu [2005]. The proposed model can be used for both 2D
and 3D applications and works in a complex and dynamic
environment which is assumed to be provided in the raster
representation and can be well known, partially known or even
unknown. The described path planning system is based on these
main headstones:

e A graph-like spatial structure (hereafter referred to as a mesh)
that adapts itself to the examined environment and defines all
reachable positions and transitions with its vertices and edges.

e A grid structure for the discrete representation of certain
environment hazards (hereafter referred to as a map), e.g., the
proximity to an obstacle or the dynamic threats.

The main approach uses two separate maps of the same size for
the environment description. The first one, called obstacles map,
represents the danger weights as the proximities to the nearest
obstacle in the mapped space and the second one, called threats
map, represents the potential field generated by all threats in the
examined terrain. In the following, the proposed path planning
model keeps a mesh coming out of an oct-tree that is
,widespread* over the examined space. This mesh then defines all
available waypoints and transitions for the path retrieval and
continuously copes with the changes in both mapping structures.
Such an adaptation is achieved by refinement of the mesh in the
places with higher error values calculated from the obstacles map
and threats map and by merging of the mesh in the unimportant
areas.

The algorithm is based on the real-time development of the mesh
during the particular iterations. According to the presently
recorded values in the maps, the mesh is refined in the areas with
the higher importance and merged in the areas with the lower
importance. Decision for the refinement or merging of the
particular cluster is derived from the specific influences of the
obstacles and threats in each volume unit of this cluster.
A constant O >0 defines a user defined refinement threshold so
that the cluster is merged with its neighbours for the criterion
result less than 1 — 0O , refined for the criterion result greater than
1+0 or left in its original state. Exact formulation of this
criterion is beyond the scope of the paper.

In the proposed solution, the adaptive mesh is used only to define
the available waypoints and transitions for the movement, not for
the visualization. Therefore, T-vertices in the mesh do not bring
any problems typical for them in the visualisation of the meshes.
Foldovers in the mesh are not possible in our case as the vertices
are not moved, just refined.

In our demonstrating application, we assume the obstacles in the
environment are already completely explored and the obstacles
map is filled with the Image Distance Transform technique based
on the Voronoi diagrams [O’Rourke 1998]. Concretely, the
elements of the obstacles map are evaluated according to their
proximity to the nearest obstacle with the real value from 0
(minimal proximity) to 1 (maximal proximity to the nearest

obstacle or the obstacle itself). The elements of the threats map
are then evaluated in a similar manner during the mesh adaptation.
After a certain time, the mesh is fully adapted to the static
obstacles and copes only with the dynamic influences — with the
threats. A pseudo optimal path for the user can then be computed
using Dijkstra’s algorithm with the specific cost function. There
are many ways to specify the cost functions and in addition to,
they can differ according to the type of the application. For that
reason, we are not focusing on the concrete cost function
definition.

4 Experiments & results

We have implemented a simple application (in the C# language
with the Direct3D libraries) to provide the results and
comparisons of our algorithm. Unfortunately, the proposed
technique needs to map the dynamic obstacles to the raster in each
step and we are looking for a suitable solution to solve this
complex process. Therefore, we provisionally use only a simple
scene composed from a certain number of obstacles formed by the
solid spheres with different radii and we also add some abstract
threats represented by the small red cubes. During the program
run, the threats are directed to the random locations of the
examined space and the adaptive mesh is refined in each iteration.
The obstacles map is precomputed and filled with the
corresponding values before the main loop of the program.
Therefore, the complexity of this structure and its creation does
not affect the qualities of the real-time method itself. To
demonstrate the adaptivity of the algorithm, the optimal path is
recomputed after each refinement of the mesh.

An example of such a testing scene with 16 obstacles and 2 threats
is shown in the following images: Figure 4 shows the basic scene
only with the found path between two opposite corners of the
examined space, Figure 5 then shows the same scene together
with the actual state of the adaptive mesh (with the maximum
level of the mesh division equal to 4) and Figure 6 shows again
the same scene but this time with the weight values from the
obstacles map (the darker cubes define safer locations and the
lighter cubes define more dangerous locations).

& '-“( \Lt
-

Figure 4. An example of the random scene
in the demonstrating application.



Figure 5. A snapshot of the scene from Figure 4
with the adaptive mesh.

Figure 6. A snapshot of the scene from Figure 4
with the values from the obstacles map presented.

4.1  Survey of the tests

For our survey, we have selected and measured the following
variables as the most characteristic and important parameters of
the proposed method:

e Clusters amount defines the count of the atomic elements in
the adaptive structure. In Figure 5, these are the smallest
cubes with all corners connected to each other.

e Adaptation time determines the time needed for a single
iteration of the adaptive structure progression.

e Allocated memory defines the memory requirements of our
C# implementation (debug version).

e Path finding time denotes the time needed for finding the
optimal path between two constant spots in the opposite
corners of the explored space.

The mentioned parameters have been measured with the following
testing datasets to present the qualities and possible weak points
of our implementation:

e Dataset #1 describes the algorithm in the environment
consisting of 8 solid spheres. These obstacles fill about 3% in
the volume of the examined space. The rank of the grid used
in this preset is equal to 32 - the obstacles map contains
32 768 elements and the maximum level of the mesh division
is set to 4. That means that the smallest cluster in the mesh has
one sixteenth of the original width.

e Dataset #2 defines the same adjustment of the algorithm as
the dataset #1 except that the maximum division level is equal
to 5. 8 solid spheres with different radii are randomly
dislocated in the examined environment and fill again about
3% of the space.

e Dataset #3 specifies the configuration with 16 obstacles
filling about 6% of the explored environment, with the rank of
the obstacles map equal to 64 and the maximum level of the
mesh division set to 4.

e Dataset #4 again defines the same adjustment of the previous
dataset except that the maximum division level is set to 5. 16
obstacles fill about 6% of the examined environment,
64x64x64 elements in the grid used for the obstacles map.

First of all, we present the functional dependence of the clusters
amount on the particular iterations of the program in Figure 7. At
the very beginning of the main loop, we can see a rapid growth of
the clusters amount as the adaptive mesh refines itself around the
obstacles. The remaining behaviour of this dependence highly
varies due to the movement of the threats in the scene. When the
threat shifts off from the near obstacles, it raises the weight value
of the previously unimportant locations and so evokes a new
refinement of the mesh around these locations. Such situations
then evoke the peeks of the clusters amount that are visible in all
mentioned dependencies in Figure 7.

The environment of the testing application changes itself in an
absolutely random way as the threats are directed to the random
locations in it. It is still possible to discover some events in the
application from the presented dependencies. We can take a look
for example at the graph for the dataset 2 in Figure 7: the growth
in the graph (during the iterations 150-200, 350-500, 600-700,
780-800 and 920-980) are due to the threats that move away from
the nearest obstacles and so invoke the mesh refinement in the
previously unimportant locations. In Figure 7, we can also see the
datasets 2 and 4 are much more varying than the datasets 1 and 3
but there is a clear explanation for it. With the higher level of
maximum mesh division, there are more clusters reacting on the
threats movement. Figure 8 shows the time requirements of each
single mesh adaptation. We present the moving average (8
periods) values instead of the original values. Apparently, the time
requirements of the adaptation depend mainly on the maximum
level of the mesh division. Also in these graphs, the peeks can be
explained with the behaviour of the threats. When the threats shift
away from the near obstacles, they fill more elements of the grid
with higher values and so there are more areas for the refinement.

Finally, Figure 9 provides common insight into the memory
requirements of our implementation. The measured values are
approximate due to the garbage collector used in the C# programs.
High and constant amount of the memory is required for the grid
structure (32x32x32 float matrix for the rank 32) and so the step
changes in the dependencies are caused only by the mesh
adaptation itself.
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Figure 7. A clusters count dependent on the program iterations.

Particular adaptation times during the program run
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Figure 8. Time requirements of the mesh adaptation dependent on
the program iterations.

Memory requirements during the program run
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Figure 9. Memory requirements dependent
on the particular iterations.

4.2 Obstacles count independence

The demonstrating application was also used to survey the
algorithm independence of the obstacles amount. We have defined
other adjustments of the algorithm similar to the presets from the
subsection 4.2 and we have measured the properties of our
solution for 256, 512, 1024 and 2048 obstacles randomly
dislocated throughout the space. The concrete values are again
defined in the parentheses behind each preset in the legends — ‘O’
stands for the obstacles count, ‘G’ stands for the rank of the grid
and ‘D’ stands for the maximum level of the mesh division.

Figure 10 shows the functional dependence of the clusters amount
and the particular iterations of the program for these new
configurations. The presented graphs indicate that the clusters
count is not directly dependent upon the obstacles amount. The
differences in these graphs are caused by the topology of all
obstacles in the scene that is randomly generated for each dataset.
The same situation of this separateness occurs in Figure 11 with
the functional dependence of the mesh adaptation times and in
Figure 12 with the dependence of the time for finding the path.
Figures 11 and 12 are again presented in the form of the moving
averages due to the oscillating measured values. The considered
obstacles are preprocessed in the grid and that is the only part of
our solution that is affected by the count of the obstacles.
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iterations of the program.

Adaptation times during the program run
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Figure 11. Mesh adaptation times dependent on the
particular iterations of the program.

4.3 Non-adaptive mesh comparison

We also have an implementation of the proposed path planning
technique with the regular mesh - it provided us the opportunity to
compare this old solution to our current implementation.

Figure 13 shows two selected configurations from the subsection
4.2 together with the results from the two equivalent adjustments
of the old algorithm with the regular mesh - in this case, ‘G:64’
means the regular mesh consisting of 64x64x64 clusters. The
times for the regular mesh stay around the value 400ms whereas

the times for finding the path in the adaptive mesh strongly vary
but they never achieve the time needed by the old algorithm.
Average time for the preset #2 is about 45ms and for the preset #4
about 200ms.

The measurements show the proposed path planning method is a
suitable alternative for the path planning in dynamic
environments: it is faster than the raster based approach and it is
usable in the applications where the graph based techniques fail.
On the other hand, there are still high memory requirements due
to the 3D matrix for the grid used in our solution.

Path finding time during the iterations
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Figure 12. Path finding times dependent on the
particular iterations of the program.
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Figure 13. Path planning times dependent on the
particular iterations of the program.

5 Conclusion & future work

We have outlined the possible model for the path planning system
that eliminates the described disadvantages of the conventional
approaches applied in the virtual reality. The provided method can
be used in 2D and 3D applications, works in the dynamic
environment and needs only about 10-50% of the original time for
finding the optimal path with the Dijkstra’s algorithm. However,
the proposed solution is still under development and there are
many possible ways to improve this model for the real-time path
planning.



In the future, we would like to incorporate the described approach
in a project related to searching and visualization of paths in
chemicals [Medek et al. 2007] (Masaryk University, Brno, Czech
Republic).
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