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©OILEEIMO00  SEAMOOMTIJIOL  gM-gOH  FoMmm  Jeobl  Homdmopabl  aMex39dby
5EMmOH0mdgd0. Msx3gd0L d9839Mmd00m bgds 9536530 G030l FJodoMmmgdol s 3OHMEgLloL
9906905 0bxBM®MBs30M, BoH0ZMM, dOMEMAOM, LemEoswd Lolidgdgddo. 3Mms539d0L
39590MBgmen Lobgmdol (oMdmoagbl 9330 wIMH0 4M953900, HMIGms 2odmygbgdols ghom-gMmo
do60mO©O bBIOM LogHom LobE)dgdol dmEIEoMmgdss. SBgo LobBYdgddo 8w9T035© ©PIOS
3996d43H900b §930gdl dmeol Mdmzwgbo dsmTOMEOL dmdgdbols s8mEsbgdo, MHMIWIdolmZ0LsS
3055305 09050 dgLsd5doLO SWYMOHOMIGOO SOLYIMOL.

6596Gmdol JoBsbos Fgdmbgzgz0mo 9330 MEO Mex3gd0L MmO Lobgmdol - dyMbmwol s
3903900 3Mox83900L LHMsx0 ggbgMogool bg@bgdols dmdogds, wdm3wglo gHol dmdgdbol
5OLIOMEO 3WSLOIMOO SERMOHOMIJOOL 9B9JBHWIOO 083¢gdgbBOE0s @S Fo0 FoMToEMdOL
39056905 53 GH030L 4M05390Dg bbgoolibgs 496BMowgdol Log®mE)ddo. s1939 290M3IZEYMEO
0g4m 5bs0 93M0LEH0Wo IgmMmEOL oMo Mds S M3EH0TIEYOHMDS.

Abstract

Nowadays graph algorithms constitute a broad class of modern algorithms. Graphs can be applied to
model relations and processes in informational, physical, biological and social systems. One notable
type of graphs is Euclidean graph, which is often used to represent road networks. A frequent task in
such networks is determining the shortest route between two sites. There are special Graph Theory

algorithms which solve this problem.

The goals of this thesis are: to research the means of efficient generation of graphs according to two
random Euclidean graph models — Bernoulli Random Graphs and Random Plane Networks; to
implement several classical shortest path algorithms and to compare their performance on the
generated graphs in different space dimensions. Also, a new heuristical method was suggested and its

performance and optimality studied.



99lss35¢m0

©OILEEIMO00  SEAMOOMTIGIOL  gM-gOH  FoMmm  Jesbl  Homdmopabl  aMex390by
5EMmMH0mdgd0. Mox3gd0L d9939Mmd00 bgds 9536530 G030l FJodoMmmMgdol s 3OHMEgLloL
9906905 06ZMOTs301, BoH03ZNMO, BOMEIMYOE, LrEoswme Lolidgdgddo.

3653900L  98mMPgmen  Lobgmdsl  FoMImoy)bl 933wwoMMo  (sbg3g EFBMdOWO MMM
»3909BHO0MW0)  2M0x3gd0. 500  453mYgbgdol  ghHM-gOHmo  doMmoMIEo  LEFGHM  Lsgybom
LoLEBQGOOL  IMPYOMGdss. o 03olbdgds 69d0LdogMHo  FodFHSdOL  Logbom  LolEgdgdo,

509900 J39960L olEbEgdME 3996dEH9OL FmEOL Log B JoTMBZLOM S WITMNOZMHYOO
GO0 Joeodob GoMyegddo sOLgdmEo 3bgd0m.

doM0MOEO L530mbo, HMIJoE G LoaBom LolEgdgdmsb FTomdoLOL sGOl JsGIMWYEGdOL
dmdgdbs 39693Hgd0L Hgz0gdl FmMob. bdoMow Lsdogdgwo bgds MIm3wglo ds®IOHMEgd0. gb

50m3565 M@ IEo© 0bTdGds FoIWOMs© JEgBHOMbMWo ©93980L 45dMmYygbgdolsl o
dobo LGSR0 250509Y393S 9OHMN-9gHM 3HO0MMOEIGHWI Bo3oMbL Ho®Tmoyqbl.

3050380 MAM3Eglo gHBol Imdgdbol sm3sbs 39-20 LomzMbol 50-0560 fergdosb 0bEgblom®o
330930L Lo sbls Foedmoagbl. 1955 gl G0ddgeols Joge ogm gsdmd399bgdeo 59 sdm3sbols
39590943930 306039000 5AMMH0mT0, MHMIGELsE 1956 (gl BmMOol ©s d90gy 1958 gl
09wdsbols segym®omdo dm3yzs. 1959 gl gs9md3994bs @goduBHMSL sEram®omdo, GMdgwos
©OLSE MIMIEgLO FHol 3:3b0L 3esl03ME seAMOOMAL [FoMTmMmogbl. 9909 dmobobgls 50
5EMM00mdol IMPOGB0Is305 boegz50m0 4M9x3930LMZ0L X IO MOMBOMO FMHM3900L godmygbgdom,
9990099 30 B0dMbBIBOL AMM3900L sdmygbgdom (1984). 1986 figarl godmd3gybs gx3030L s
30¢9M0L A* dgdbsbg ©ox31dbgdMwo  sSEymGomdo, MMIGEoE 93M0LEHOIMOE  SLHGITIOL
Mdm3eglo  qbol  dmdgdbsl  933woEMem  AMsxkdo. 3 Logombgdbg TmTomds  F99IRG
3639 YdIMEs s 58 F0BsMMYgd0m gOHM-ghmo dmerm {oblgws 2004 {gerls Microsoft
Research-ols dog6 50mg39469d9cno Reach 93(0l¢03s ogm.

58 659MM3ol BoBsbos MIMm3wglio aBol 30360l sMLYdIMEO JeslogMo s J3MOLGHOWWOo
5003900l BHGx3d099d0L  F9sMgdomo  sbserobo  bbgoolibgs Lsbol dgdmbggzom
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9330©VIO 46M0x390DY. s1939 0gm 499Mm33egMo IMIgbomsb dosbermgdmo FsMIOMEHOL
©5039b0L b0 93MOLEH0WMEo I9NMEYdO.

653630 J0M0m50 5J396G)0 3539979005 LodMEHYIHY 2By ME 9330 MRy,

OOROOG  933LORVO0  MsBIBOL  SJHP@IH  dmEIEby. LY 20b  pdIMIzEIIwo
DMQ0gOH M0 5¢MOHOMTOL S 93MOBEH0ZOL B)domds MBMM Jo®owo Fo6BM0WYdOL 933w oEIE

3053390%9.

6586Gmdo Fgqds 5 0530L396. 30039 300 ImYyzsbowos FMHIRMS MIMOOOL JOMOM SO
3690990, HMAWgdoE 9dmygqbgdmwo 0dbgds 65dMMATo. dgmMg megdo bgds 03 3sliozMo
5@MmM0mdgdol  Jodmbowgs,  OHMIgdol  033wgdghBIE0s s F9IMYO00  sbswobo
dgbOMwEs  BsdMMIol  Bobergddo.  Tgbsdg ™30 gMAMds  sbowo  93M0OLEMEO
MinimumAngleDFS 8gom@ol dodmbogogsl, Hmdgeos godmoygbgds mdmzergbo dsGdMEHol
Loa®dgbBy 293390 DBJs  BO3MOL  ILLEYIBsE. Tgmmdbg  ™sgzdo  Fgxs3gdE0s
00309396@5300L 5301939093900, MHMIJWOE M  bEs  BoBHIMYIM  IMEILOMGOS.

dgbmmg 15390 F9x35L90wE0s FMEIE0M9dOL F9YA900.



0530 1. doMomso 3690900

850 (Graph). G=(V, E) 260530 {om3moaqbl §3960mgdol V LodGmogeol s §odmgdol E
LodOZEOL Fgzowl. gmzgero Fodm FodB8mswpbl {3gHmgdol @swaygdrr %6 ©YEwsEIBILY
0930U. fodmgdo dodsGmmwos, vy E bodMsgwol 9wgdgb@gdo @owsqqdmwo §ygzowgdos,
Doboswdgy 89dmbggzedo - m®IBG0Z0. MoxL 9hm®gds mbosbo, o ymggw (odmbiomsb
SbME0MYOM0d G®oEb30 - 53 HodmL fmbos. Hobsswdogy 999mmbzg3580 Mokl MHmbm ghimemgds.

9330030 (Dense) 5 bsengsmo (Sparse) 3553900. 205136 9fimgds 33360030, vy dobo Fodmgdol
®5m©bmds [E| 03039 6Gogolss, Moz Fodmgdol dodbodserry@o dgladem Mom@gbmds, by
|E |~V 2]. GobosmBogy 99000b393580 3Mox3L boergsmo 9fmmgds.

93300  aMsxo  (Euclidean Graph). d-3o6%m3ogdosb  Log®Egdo  a9bwsygdmeo
933000 30580l ymggaer  §390Hmbmsb  sbmEo®mgdMwos  d-3s6%Bmdowgdosbo  Log®mEol
Dod@owo (X!, ..., x9). 3055390 sOLYdMO gmzgeo [odml Fmbs dgLsdsdol 39Mmmadl Fmeol

9330 YIM0 356d0ol BME0s.

d9Mbrmeols 9gdmbgggomo 3®msxo (Bernoulli Random Graph) [1]. d-396%mdowqd0sb Log®Egdo
29baogqdmamo  dyMbmeol dgdmbggzomo G(n, p) aMoxko oL n-fzgHmosbo 933woEOmO
36550,  MMIol  {39Mmgdl  d-gobbmdowwgdosbo Loz  sgdMo  Fgdmbggzomo
DoOGH0wado  FggLodsdgds,  bmerm  gmgzggero  dgbsderm  Fodml  sMLYIMOOL  SEPBSIMOS

5330009005 S BHME0s p-Lo.

89000b3930000 3gMm3gBHMOmo gMsg3o (Random Plane Network) [2]. d-256%m00¢gd056 bog®gdo
3obaogqdo  Jgdombggzomo  ggmdgdmonwo G, 1) 2Moxz0 FoMImoagbl n-{39Mmosb
9330©O  3MexL,  OG®Iwol  §39Mmgdl  d-pobBmdowrgdosbo  Log™MEOEIB  s®YdEO
d9dmbggzomo HadEHowgdo TgqLlodsdgds, bmerm ymggao (U, V) fodm s®lgdmdl 9s5d0b o
dbmerm 35906, ) 933000 HO dsbdoero U s V {i3960mgdl dmMob o6 50gds@gds -b.

35 3®m3x830L §3gMmgdl dm®ol (Path). G=(V, E) {jmbosb 4Msxdo a ©s b {i39Hmgdl dmeol g
Domdmoaabl §i3g®madol olgo vi, v2, ..., vk 308@)3M™dL, ®™A vi = a, vk = b o ymggwo i<K-



b30L E 8903930 (vi, via) §odmb. sbgmo gbol bog®dg L(vi, ..., V) 9§m9ds 2t 1(v;, vi41) x50,
Losis 1, v) 5ol u s v §396m900L 3535300609890 FodmUL Fmbo.

»0m3egbo aBs 3Mmsx0b §390mgdlL dm®ol (Shortest Path). a o b {396Hmgdl dmMol »Imzwglo
2oL Log®dg D(a, b) s®ob dobodsgr®o Moabgzo a s b §3gMHmgdol F9dsgOmmgdgEo yzges
d9Lsderm aBol Log™Mdggdl FmMob. vy Sgmo dBs 5O sOLYdMBL, dm3wgbo aBol Loy®mdg
2963503900 56 5M0L. MZ3000Mb MIM3Eglo gbs a s b 3gHmgdly Imeol sGol Bydolidogho
0bgmOo 3B 53 39MMgdL mGOL, MMIolL bLogMdy GHemeros D(a, b)-bo.

mOHMdomo 3Mm3s (Binary Heap) [3]. mO™Md0m0 360™35 {o®dmoyqbl dmbszgdms bg&wdGnmdst,
G0dgeros LOMEO MOMBOMO bom oMdmoyobgds s dgmderos gdgao Lsdo gmbJzool

d9LEOwmegds:

e LodMogargdo 9gdgb@ol sds@qds O(logaN) seomam®omdeo LoOmmwom, bosg N
LOIMS3w 930 JargdgbEYOOL MoMm©YbMdss.

e LodGMsgrol 9ew9dgbEol 3603369 mdol d9di300905 O(logN) Lo mwwoom.

¢ L0330 sb J0b0ToeMo 9e9d96E0L sdmdens O(logaN) Lo®mwyeoom.

¢ LodGMsgzol dobodsermMo gargdgb@ol dmdogds O(1) LoMMIEoo.

10bmbsBol gMmgs (Fibonacci Heap) [4]. m®mdomo gdmgol dbgsglo LEH®MIGmGs, MmIgeos
LodEMs3ol  Jobodser®o  gugdgbGol dogdsl O(1) @®m™Po, 9wgdgb@ol Bsds@gdsl s
5OLYOMEO  9gdgbEBol  Fgdz0cgdol  sdMOGHOBIOMr O(1) ©MM™To, bmem  Jobodsgrw®o
9999630 53dMBsL 58O EGH0DYdM O(log:N) oMmdo sHbL.



0530 2. 561900 5¢eamOH0TJO0

659GM3do  doMHoMoo  5d396GH0 3939 JOM0s »BM3Eglo gbol dmdgdbols Lsd FgmmEby:
©90g4LEHML 5WPMHOMNIBY, A* dg0bsBg s MOIBMOZ JOJLBEML sEAMMOMIBY.

390pMddo 30a19olbbdmm, M bsdgdbo AMOBOL oLOLYWGdss G, bmwm wdm3wglo ybgdols
dgobs s 9 t §390mgdl ImEmol J0dobstgmdl.

153039 5WAMM0mMT0 0Ygbgdly Hgwsgbogool d9doboBal (Mdizs A* dgdbolmgol ogo dzoMgmogb
396Lb35390105). sEAMMOMAoL 3OM39Ld0, ym3z9ewo v §i39MM™bomz0L 0bsbgds d[v] 356539GMO0 - s
P3960msb v 3960mIg bs3mzbo MIm3zmglo abol Loa®mdg. d Tsbogzol 0boEoswobsEos
5¢MM0mdol sbdHgoldo bm®mEogurgds d98ga0 3OHMEIIOHOL 9d39MdO:

INITIALIZE-SINGLE-SOURCE (G, s)
for each v in G.V

d[v] = INFINITY

(u, v) §odmb Mgeodubogos (u -> v 30dsM0gdom) dymdomgmdl 99dpgydo. dm{dgds, u-b
393Wom V-89 2oL LogMdg bs3ergdo 0¥) sMol d0dE0bsMg MAM3Egl BBy v §390M™©Y ©s
Sbgon  99dmbggzsdo bgds v-dg MIm3zerglbo abol Loa®dol 9603369 mdol  Asbsbengds.
3193M3MmEOL Lobom gls 3OHMEIYIOS F90YRBI0MHE FoTMOYIMGd.:

RELAX (u, v, W)

if d[v] > d[u] + w(u, Vv) then

2.1. @gogdbE®sls semam®momdo.

3Ws03MM0 EJOJLEAHGML SEMM0mTo [5][6] 3mvemdl G=(V, E) mHogb@omgdmwo yMogobmazols
MAm3gl  aHgdL  Lohgobo s 3gMm©b  y3zgms  obsMBRIb  i3gMmdy. dobo  LHimGo

8



3905mdOLMZOL 5300909 0s, MMI aMoxol [odmgdol fmbgdo sMsmstymzomo Moibzgdo
0ymU.

©90JUEHML  5EMOOMToL  FMFomdOL  OML  A5TM0Ygbgds S LoIMszwg, GMIgroz V-b

939L03GMO3gl Fo®TMogbl s 9900 olgmo v i39MMgdoLYsD, GHMIgdsd3 “9dm3wglo
3bol LogMdg 339 Bs3m3b0s. sEAMMOMB0 0GHIMHIFOI0s S YM39w 0BHYMH305HY bgds

obgomo u i390mb s6Bg3s V \ S LodMmsgwosb, HmIwol d[u] dobodserw®os. d9dwgy bogds u
0396 mL yzgams d9Dmdgeo odml Hgasdlszos.

363980 MY YOS 35653, Bobsd V \ S LodM3wgdo 56 MBYds AbMm d[v]=INFINITY-U dJmbg

03960™900 (HMIgdoE Jommg39e0s s-00b) b MMIgE0dg 0@ JMsE0sDY 96 bgds t fzgMml
56B935 M3 V \ S LodGmsgzwols Jobodsgr®o d-U ddmbyg fzgmmio.

DIJKSTRA(G, w, s, t)

INITIALIZE-SINGLE-SOURCE (G, s)

while V. \ S != {}

u = extract min(Vv \ S)

S join {u}
if u = t then
break
for each v adjacent to u
RELAX (u, v, w)
return dlt]

5¢MM0mdol LOOMWY FMINPIOIYWOS FMOROL FoMdmygbol TgMbg3zsols s dmbsigdoms
LEAHOMIGHMOSDY, OOl  F9dzgmdomsz bmME0gmEgds  dsbdowgdols  Tgbobzs-gobobergdols
M6560bgds. 8330030 3M9RIOOLMZ0L  M3EGH0ToMEmO0s  dmbsggdms  LEHMWIBHMOOL Hmedo
3sb030L 50gds, G5 F90mbz935d03 SEWFMOOMTOL 3MBomdol Loy 0d69ds O([V]?). bsgwgsmo
36533900LM30L FMORO 9930 YdIWSE FGBMBGMs Logdol Loboo Mbs ogmlb FoMmdmoagbowo
@5 dmbs393ms LAHOMIGHIOOL OMEdo by 0gbsl 2odMYgbgdo MOMBdOMO 56 FodMbsBOL



2OMZs. MOMBOMNO JMM30L gsdmygbgdom LoGmrwyg O(E|logz|V]) 0dbgds, bmem godmbsbols
20M300L Ladmswgdom - O(|V([log:|V| + |E|).

2.2. A* 5¢0m$0073d0 9330©EIM0 3Mox9d0lmz0l.

A* 39065 [7] @o0moygbgds 03 T9gdmbgzgzgddo, GmEalsg Ms0dg 93MoLEHMEo  dgommEol
Lodmoegd0m gladergdgeros ymggaro §390Hm@b sbodbmwgdol i3gMmadwg dsbdowby Jagws
D3m0l Jgg3oligds. 58 (3m©boL Qom35w0obfiobgdom, §39MMmgdol gsbbowgs wWRM™m 9n9dGMOo
000©93MMd0m  bmOE09gWds, 300609  ©J0JLAHOL  seamMomddo s JgLodsdobo
5E0MM0MT0 YROM Joeg 5dM0gMYOL Fwgdomdsls.

933w0M 3655380 6300Ld0gM0 (i390MEB IBOTEMWdOL (39MM™I©g MIM3Egl BB J3g®s
D3l Jgx3oLgds 3bgdcm030s: 58 aBol Loga®Mdg 396 0dbgds Fgbodsdol §3gmmgdl dmeols

dobdoebg MRGM Im3erg. S3M0S©, dgbsdegdgeos §390Mmad0 gobbowrmwo odbsl st 0wy
dg0bob Loms300sb Jsbdogrols BGHOL B0dY3MMOdOM, 5539 58 Bsbdools s Wsb0TbIgdOL
0390mdg 956doErol x50l BOEOL  J0dEI3E™dOm. gu  FgOMPO  J3OMOLEHOI0S S
3M6309@ Mo B39E0sw s dgmbgmwo yMsx8gdoLbmzol godwrgds 396 sxMmdML ©goduBML
5eamMomdl, Fog®sd dobo  Lodwmoenm  Jgxsligds  SL0A3GHMEGHWIM  3gJLos  ©JOJLBEGSL
5@ MMH0mdol F9z351905bY.

5EMMH0mTob S0LFIMs© 259m30Ygbmo dmonoizo®mgdmwo INITIALIZE_SINGLE_SOURCE s
RELAX 36Hm390v)609d0:

INITIALIZE-SINGLE-SOURCE (G, s, t)
for each v in G.V

d[v] = INFINITY

Q.
)]
Il

distance (s, t)

RELAX (G, u, v, t)
new length = d[u] - distance(u, t) + w(u, v) + distance (v, t)
if d[v] > new length then

d[v] = new length

10



500b 9999y, A* dgdbol 033¢9d9b@O305 9330 IMHO  AMBJOOLMZOL  3MOJGHOINWOE oM
396Lb35300905 ©JOJLAEHML sSEYMOHOMIOL 083¢gTgbES300LYb:

A* (G, w, s, t)

INITIALIZE-SINGLE-SOURCE (G, s, t)

while V \ S != {}

u = extract min(V \ S)

S join {u}
if u = t then
break
for each v adjacent to u
RELAX (G, u, v, t)
return df[t]

2.3. m6H3bO0Z30 IoJBGHOSL serymGomdo.

mOIHO030  ©JoJLEHOL S5m0l [8] 0@gs F0®gAdo FYMIMIMOL: JODEOMLYISO
9mbal ©godLEA®SL seAMBOMIOL 9533905 s s t (3960MmYd0IB s 3OMEglo dghgMgl,
OMymO3 30 9L 3906900 9OMTbgmL ,d95309d056%. 08 gdmbggz5d0, M) Lygdg MOOYDEHOMGdIVYE
3058356 93543, t §390M©b 2593900 ©goduBHes 89d6mbadmEo aMmsxgol Fodmgdoo Mbos
9dMH5MmdPIL. 9JOHMOOMYMBOL LoTNsE0s MO Bom Fgodergds: Ymzgwr xX9MBY 95306R0M™
obgomo {3960m, HMBsdYg3 56d0o dglsdsdolo gMmzsdo MBRO™ J3069, sbsi Imbsizwgmdoom
5300mm 390900 X960 90, 39909y 30 I9MOY AOMZ3006. 300w gd0m Fobgobowmo Mol
§o6m3Moa9bL saMm®0mIgdoL ,dgbgz9wMs .

5036036mm 306390  sEMGOMIOL  JogH  39M3399  0GJMSE0sDY bsdmzbo  MIm3wglio
dsbdoergdo d1[-] Looygdom, bmem JgmMg seamGomdol dogh bsdmgbo wdmzwglio
356doggdo 30 d2[-] LoEOYJOOM. HMPYLSE 30M39E0 SEFMO0MT0 sbEIbL M0dg (u, v) odml
9@oduogosls, obgzg dmfdgds dlfu] + w(u, v) + d2[v] bLoEog s ™ 030 bozegdos od
9dm39bGHoLm30L b53m3b Mdm3wgl L 3s6doewbyg s o t §390HmL dmMolb (HmIgeroE 0530000
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300005 MLOLEOYMIOL GHME0s), 35dob bgds 53 sbdool gobsbgds. sBogrmyom®mo
36039079605 LOMEEYdS FgMEY SEMOH0MToL F0gH BoGHIMGIMO MYEsgdus30900L OHMULSES.
5EMMH00md0 030 ds, MM©LsE L 65300900 96 GHmero s0dmBbogds d1[u’]+d2[v’] oo by,
booE U 960l 300390 5eymMomdol dogH ©sB+v)dsz9gd9gewo s-msb Mobarmgbio §3g6®, bmwrm
V' 5600L 3gmMg 5¢0amGH0mTol doge ©omdvdsgzgd9wo t-bosb Mobarmglio {i3gMm. 8 O™mobm3oL
L-ob 3603369 md5 m3&085¢0w)600.

5 MMH00do 3159300M 3oL Labom J98gabs0MO 2oTMOYMH9ds:

BIDIRECTIONAL-DIJKSTRA(G, w, s, t)
INITIALIZE-SINGLE-SOURCE:d1 (G, s)
INITIALIZE-SINGLE-SOURCE:d2 (rev (G), t)

Sl = {}

sz = {}

L = INFINITY

while (V \ S1 != {}) AND (V \ S2 != {})
ul = extract min (V1 \ S)

u2 = extract min (V2 \ 9)
if d[ul] + d[u2] >= INFINITY then
break
if dl[ul] < d2[u2] then
S1 = S1 join {ul}
for each v adjacent to ul in G
RELAX:d1 (ul, v, w)
L = min(L, dl[ul] + w(ul, v) + d2[v])
else
S2 = S2 join {u2}
for each v adjacent to u2 in rev (G)
RELAX:d2 (u2, v, w)
L = min(L, d2[u2] + w(u2, v) + dl[v])

return L
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©535L50MNM” HEIRMOOMIoL LOLHMOY. sTobmMZ0L Bs3doMOLos 356396Mm™M, MM SEYMGHOMTOL
3LBLEOWOl IMdgbEdo L-00 s9930gdes 0dbgds mamzarglo gbol bog®mdg s s t f3gmmgdls
dmM0ol. 303500 Lofoboswdgym: 3mdzom, sMLgdMBL olgmo P a®s s-0©sb t-do, GMmIwol
LogMdg bBo3wgdos L-Bg. 303m3mm 53 4Hol dmem (3ghm u obgomo, Gmd dlfu] < dl[u’]
5306390 {13960 v obgmo, Omd d2[v] < d2[v’]. ov) u §396m 9dmbgzg3s v-U 56 P-8o ma3dm 3306
336300909, 300009 v, 35906 sewam®omdls P qbs aobbowrmmo 94bgdms. o u s v P-do
d9Bmdgo §3960Hm9d0s, 35dob P-U gobboegs dmbs 030 dmdgb@GHdo, GmEgbsg u 306039e0ds
©90gdUGHML  SEYMOO0MTTS 53535, 9653 00 dMIgbGHTo OMmELss v FgmEg goduBHEL
5O 9533935 - MMIJOo3 YBROM 33096 Imbs. 3mgzom, u s v-U FmeoL 2 Hodm
95063 560b. 3003900L fmbs oyml wl, bemewm dgm@ol w2. 0Josb 3sdmdobstg, Gmd L dg@os
P-U LogMdgbg, @39d3b dl[ul+wl+w2+d2[v] < L. seam®omdol gobgegdol 30mmd0sb
399000bsMg 435d3L L <= d1[u']+d2[v’]. beagoem u o v-b 4963560390056 259m80bs6, 23543L
d1[ul+wl >=d1[u’] s d2[v]+w2 >= d2[v’]. Bo300gm {obsowdgamds.

3303, 90 5WaMmM0mIol  LOOMWWY DBMYPSWIE 030395 M3 ©JOJLEHEONL  sEYMOOMIoL
Loy, 0mdzs B3g3oxn0me Fgdmbzg3gddo 030 MGMEOOMWOESE KMo B39 gd&03
©90gLGHML SWPMOOMAL. BoQOX0MS, 017) B33 MM M550 [oMTmoagbls Mfmbm bal,
Gdwob yzgms §3960mL go0Bbos K+1 Hom@qbmdol d9Bmdgeo, bowm s s t-b Bboo K
d9BMdgE0, bowm »Mdmzwglo gbs s-b s t-b JmMol gagds L §odmbysh, 35806 goduEesls
5eamMomd  dmfiogl K §3960ml  gobbowngs, bmwm  m®mHIb6Hog ©goduGeMsl  seymmomdls
dbmermo K2,

13



530 3. MinimumAngleDFS 9360l&035

MinimumAngleDFS o63mo 96l 9300LE0me seoamomdl, Hmdgwos G 933ow® yMondo s
03960 ™6 t §390mmo Imbowrm©bgers Imeng (565 99930egdsE IM3Zegl) bl 9dgdl. dolo
09> 008580 dEAMI>MYIMOL, MHMI dgobobol 30639 MHoado dmbobxml obgmo  {odmgdo,
OmIwgdoi dodobstg v §390mlLysd t-U3gh MMoMgdgb B v s t §3gHmgdom dgjdbor
9tb533900m56 J0b0ToH  3Mmbgl Jdb0sb. ma03MM0s, MM Lo3dsMobo 933003 Mexzdo
Sbgo bLAMIGJoom t (39MHm o939 “bs 303Mm3MmmM S FoYdMwo dBol LogyMdg bdoMs
39056090500 046905 ©dm3ergly Jsbdowmsb.

5@MmM0mdol B9z M3MEO 899 y0s:

MINIMUM-ANGLE-DFS (G, s, t, used)
if s = t then
return 0
used[s] = true
sort vertices v adjacent to s in descending order of angle svt
for each v adjacent to s
if not used[v]
path length = MINIMUM-ANGLE DFS(G, v, t, used)
if path < INFINITY then
return path + distance (s, V)

return INFINITY

9336003 265830 oM3oMmd0L M35¢LsBMHOLOm dgodegds dmdyqd0sbo s0dmBbogl fagMmgdols
OO0l 653305 90 b 53 bodg Fodlodscm®mo 3Mmbols d9d4dbgero §39MHmb 303bs o
Loe®dgdo dgdbols Bsmm30L 4583935, M3 OO 5EB0MBO FoMToGJO0M ILOYIETNEYdS. STO
05300056 53030900 IJHBMBEGOOL IE53gd0L FJIMIOOM FOMT5(3H)350 3OM(39YMSL.
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0530 4. 003¢ng39bEs30s

90806569 35380 bgds Y39 08 25005%Y39¢0wqd0l dodmbogzs, HMIgmoa 0gm doMgdMEo
003gd9b@s3ool 835 vy 08 9Bedby, dsm mEol Fgdmbzgz0m0 Mob39d0L 39bgMsG™MMOL

d96MB935, 99000b3930000 2M553930L 3969653008 M3GH0T0DE0S, AMSGBIIOL, SEAMOOMTYOOL S
3om30L LsFoMm IMbs390m5 BEBHMWYIEHMIOOL gobBMYswIds.

3609930 dgbOMgdwos C++ a3MHMYM3900L 9bsbY.

4.1. 990mbgggzomo MoEbzgdol 3969GMs@M™o.

306500056 5am®0mdgd0L LHMs3Jdggdsl BEIGOLE03Ms© 359m{idgdO, LsFoMMm 0gm OO
(5mgbMdol 9dmbzgz0m0 3Msgz0l 99Jdbs s Fglsdsdols ¥9s86ego dgdmbggzomo boools
396965309, 530050, dgdmbgzgzomo MHobgzgdol 9bgds@mmMmo gmmol dbgmog dsdulodoerm®o
LHG5530 bs ymgzowoym, dgmmgl IbgMog 30 Lo3dsMm0oLO OO 39H0MEO 3JMbrms.

560B93960 8935B96g XmOYX  FoMbowosl 9.f. Xorshift 9bg@oBHm®Obg [9]. gl Fgdmbggzomo
®03b3900L 496965GH™M0 FBMWM® dOGHME M39Mo3090L (d0GNM Fod36Msl s xor-ls) 0ggbgdl o
d9L505d0LOE OO FoMTsE™dOM FodmoMhgzs. C++-0b bEHboOGHW rand() BMbdE0sLM6
990569000 Xorshift-oll 99939000 10-0og0 dmqds 803009 HomBomdsdo. 3mb30M9gEHWs©
3099690 99809p 0839396@5305L, HMIOL 3gMH0MmEOs 2128-1:
uint32 t xorl28(void) {

static uint32 t x = 123456789;

static uint32 t y = 362436069;

static uint32 t z = 521288629;
88675123;

static uint32 t w
uint32 t t;

t = x ° (x << 11);

X =Yy, Yy =2; 2z =W
w=w " (w>> 19) ~ (t ~ (t >> 8));
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4.2. 35839000 [oMdmpqbs.

36533900L oMo gbs MO0 JoMHOMIO BoTYOEds SOBYOMBL: IGHBMOMdOL Fo@mOoEoL
(Adjacency Matrix) @5 d9bmdgwms Logdol (Adjacency Lists) dgbobgs. dgbliogMgdol 3539000
db3zmog, 300390 bgdbo ™m3EH0doemMos 9330030, bmwm dgmMg bowgsmo Mox9d0Lm30L.
306500096 50000l FgsMgdoLsl MmM0gzg Lobol 3Mmsx3gd0 0gm godmyqbgdmeo, gb mEMogg
Pomdmagbs 083¢gdgbBHomgdmmo Mbs gmxzowoygm dsgjlodsewdo  LHOsn]dgwogdolozol.
50605, 090gdbs EuclideanGraph sdLGHMod@wo  3wsbo, GmIgebsg  oJ3b 99990

53bd30mbsero:

void addEdge(int u, int v) - 205300 (u, v) fodml ©sds@gds

e int countNeighbours(int v) — v {)396ml 99bmdgdol Homqbmdols omgzes

e int getFirstNeighbour(int v) — v {396Hmb ,,30639w0“ d9HBMdIWOL dMHMBYds. 306390
306MMI0MO  EsLYbYGdss S BMbJzool  Fgdymdo  033¢gdnb@oiEool  dobgwzom
d90dgds 506096939l F0bodscMo 6mIMOL dJmbg dgBMdYEL 56 03 §39MML, GMdgeos
v-bosb y39wsbHg 9Mg 04m 535380609390 Fodmgdol sds@gdol dGmglido

e int getNextNeighbour(int v) - 53616900 v §39Mmb InGoy I9)HMdgerl. 0gEolibdgds, Mmd

50 (1396mbm30L 9339 0gm odmdsbgdwero getFirstNeighbour dgommo. gl mGo dgomm©o

9605 0de935 §390ML IgBMOMGOOL 459300l by gdSL.

EuclideanGraph-U m®0 093e9896¢s30s 5J3b DenseGraph s SparseGraph 3ansligdol bsbooo.

DenseGraph 0bsbogly o3l 89Bmdemdol do@®oigol bsboom. countNeighbours dgomeol O(1)
5aMM0mdNo  BLoMomol  doloefigzo sbgzg 0bobgds ymgzggwo §39Mmb  Igbmdgwms
©om©qbmds. getFirstNeighbour o getNextNeighbour 99;mm@gdol Lsdmswgdoo 3m6309¢wmwo
03960mL yzgws d9BMdOL gowsgws ON) MOHmdo bLOWwEYds, byss N aMsxgdo i3gMmgdols
500©9bM0ss.

SparseGraph 065bsgl Mo IgBMdgwms Logdol bsboom. getFirstNeighbour o getNextNeighbour
3900m©7d0 3Mb3M9E Mo §3960mL dgBMdEgdl O(8gHBMdEGOOL MoM©YbMds) MHMT0 450306,
56 %5930 yzgas §3gmmbogol O(M) MM 0bstxgds, Looi M asx3do {odmgdols Homgbmdss.
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3M533900L sy FoMdmpqbs 90 435093l LodoErgdsl, MM LoFoMmgdol Jgdmbgzgzsdo
(09990m5© OHMEILSE dMoxdo [Hodmgdol sdsEgdolsl 0ao bogsmol bsgzwrs 9330030
bgds) aMoxzol LAHM®MIGHMOS 8933395¢Mmm ©S 00 FgHBMBYE™Ms Lool bszzws FoG®moEom
393065bMm. 530050, 350050943930 gds gbodsdolo gbsbgzol BoL MoMdIBY aGegol 9Jdbolsls
b5 0yml Jowgdeo dmdbds®mgdeols Joge.

4.3. 39Mbmeols 9800b393000 3Msx89d0L 39bgMs30s.

3930blgbmm, G®MI d9MHbols dgdmbgzgzom G(n, p) y®sxdo n (39Mms s §39MMgdol ymgger
09300l d®L Fodm p 5EBIDMBOM 5HOL Q930 WO.

300390 b530mbo, MMIWOL gosfyzgBos BoFoMmm sbigmo 4Mmoxol 49bgMsEool ML Mol
365308 [omdmygbol I9gMbg3s - 893065bmm 00 I9HBMdWMBOL oBHMoE0m mv) IgBmMdJwms
10gd0m. 5dOLMZ0L LEFoMmMS LEdMEMM Mo FFodmgdol MoMmEabmdol F9z3slgds.

n(

43900 §odml sOGLYGdIMIOL SEIdIMBs SMOL P, Lryew 30 9G6F0TSMCIE AMsxd0 %1) d9Loderm

fodms. sbgmo ImEgEro d0bMI0sE MO  gobsfowgdom s©ofgMgds. sdM0Rs©, B3BL aGmoggdo

n-(n—1)
2

$00mgdol Gom©gbmdol domgdod03sIMo dmwrmobo 0dbgds p. 3939 8609369ge™mz560s, Gro

5Ed50MB00  d90degds  dmbgl 98 GHOEb3OLAD  SOBYOOMO  AIIBES.  BIZGHIMY  (300gd0
30636093 953900mgdbg 9900980 Bb00L 39d39mdom:

double C[maxM] [maxM] ;
double countBinDistDensity(int tries, double p, int left, int right)
{
c[olro] =
for (int i

{

1og

= 1; i <= tries; i++)
- 1][0] * (1 - p);

j <= 1; J++)

Cl[i - 11[J - 11 *p + C[i1 - 1][3] * (1 - p)s;

for (int jJ

C[i][0] = C[
Clill

i
1z
]:

]
}

double ret = 0.0;
for(int i = max (0, left); i <= min(tries, right); i++)
ret += Cltries][i];

return ret;
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RbJ30d 030l 5EBdIIMBSL, MM tries  Mom©YbMmdOL (3001 F9EIYPOI®,  YM39EO
HMIGD0Q560L FoMToBJOOL 5¢d50MdsS P, FoMToBHJdMIo (300900l MoMm©Ibmds 0dbgds [left,

right] 9995¢9do.

39035 9h3965, GMI ogocwoms G(50, 0.5) dgMbmerol dgdmbggzomo 4Mmsgzobmzol 0dol

5EB50MdS, MMI 3Msx3do Fodmgdol Mom©gbmds 10%-00 goblibgsggds @p ~ 612 -obob

560b 0.1%-Bg 6530900. 300093 MBOM 65309005 SEBsMMds, G G(50, 0.01) gMoxdo 0dbgds 30
Podmby dg@o (Hodmgdols MHomEabmdol dsm. dmerm@obo 53 dgdmbggzsdo wdol 12.25-b). gl
5EB50MBJO0 300093 YIROM J30MIYdS N-0 AIBOILMID JOMOE. STOOYSD, FoVIEO FOPIBOOL
5¢00500Mds  B309MOLI OE AMOGI0 dogsb 30695 s B3zgbo JoBbIdOLIMZ0L Lodmermm
3659380 {0dMgdol MH5Mm©abmdol JosbErmgds 53 Bom.dmermEobols 39339md0m dgodargds.

Hodmgdol  dmbogrmEbger  MomEgbmdsby ©oyhbmdom Mmsxol  HoMmdmpagbol Tg@Bgzol
9900092 3905 3M5x30L (Hodmgdol 39696300l Lszombo. 49bgMmszool FsMGH030 SEWMGOMI0
390009205: 25630bomom g4zqes dgbaderm iyz0o, ymgzggerobmgol sgommo [0, 1) dmoengdo
dgmgzo dgdmbgzgzomo MoEbgzo s vy 00 p-Bg bo3ergdos, ©ZsdsFGHMm Fglodsdolbo (odm
36580, SO swmMomdo  FMFomdls OMm?) M™mIo s  ™3GH0TowMMHos 93360030
365933900Lm30UL. 5650 n-0l OO 360369 MBYOOLMZ0L Ym3z9gwo MO0l d9gddbsls Log®dbmdo
©OM  ©)MIMdS s g O™ MomJdolb  GPHMOO0E3] 0gbgds T33M030 @S bowrgsmo
36533900Lm30UL. 5d0EHMT boE35m0 M553900LMZ0L 03T5OM3 2969300l b3y SEIyMEOOMAL.

30639 (0330, 300030 3M5x3d0 F0dMgdoL MHoMmEYbmdol dsm. dmem©obl M. 08 993mbgg3sdo,
0v) 360530 B305M0LOE boErzsmo  2odMPOL, 1939 39bgb BobmTosrMo  sbsfoargdols

9 Yo©m9dsls liw—ol 30 ©5 M-0l 3608369 mdsls 35BL3H9d 59 (3009006 Fgga0l Jobgzom.

9990099 bgds M ©5mgbmdols 4sblbgeggdero (u, v) fygowol 49bgsios s o fygowgdols
Bo353gds 4Mmox3do odmgds. 1y300gdol bozsymHmdol dglsdmfdgds godmoygbgds 399-
3gbOowo, OHmIgeog gargdgb@olb hsds@gdsl s 9mdgdbsl Imbowwmboge O(1) Mmdo sHbL.
3M6309G Mo godmygbgdmwos  C++-ob  unordered_set  3mbGgobg®o.  Fgzog3sLbmod 53
5EMMH0mdol LoMoEry:
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n'(z_l) - OmEbL3 bgds ®ogom 9g-(k+1) Godml ygbgdegos, 0po g

d90m300m0 50bodzbs e =
5Ed5MBOm  G90dergds  ©gdmbgsl  MHMIgeodg 0958y  ©I3)bgH0Mmgdme  [odml. dobo
b9wdgmMg 39bgMo3Eo0LOl 53539 9E0SMMdO” Fg0degds 333 dmbgl sdmbzgzs s sy

0900092, 59600350, 39-(k+1) Fodmb Bs3sEgdol @OHMOL Fom.dmerm©obo dmogds 2obEmergdom

T(k+1) = 2 T(k +1) + 1. 5jgesb gowgdo T(k + 1) = ==

e

GmEgbsg M=e, 5699 aMo3d0o g3z9gws (odmlb Bsds@gds bwgds, T(1)+T(2)+..+T(M) xs80 GOl
le% b, Gog HomImoyqbl dg-e 35M3mbowme Hogb3zl s 0HBMEYds O(e In(e)) FHgddoom [10].
5060350, 59 5WAMOHOMIOL FMTomdol Imboermbywo M Fgdmlsbrzmymos Ofe In(e))

LOOMDMWOD O 3M5JG0350 MBOM VS, 30650050 TbMEME boergzsmo JMmsx3930LmM30L
399m0Yygbgds.

99b3960396@9d0L Fg9Ao®, d935GPR0g C=40 3mbLEBEGS s g369Ms300L BoMFBH0Z serym®omaAl
3049690 35906, v C * M 50935¢3)9ds e-b.

4.4. 99000b393000 39mIgEHMOME0 30583900l 396gM530s.

3930blgbmm, ®md Jgdmbgzgzom gqmdgBHMome G(n, r) aGsxgdo §390mgdol (u, v) Hy3z0wo
©53533060900s 5806 s dbMEMmE 85306, v 933woEMO 8s6dowro u-b s V-I gLodsdol
D96 GH0adL InGOL 56 509To3Hos 1-U.

09Mbmwol 9gdmbggzomo  csx39gd0ol  39bgMsEools lgoglo, odsg 3060390 AosLFY39E0
Logombos  gMox30l  FoMmdmagbols  TgMbBg3s.  Losdobm@  33wog  d935x35Lmm  {odmgdols
dmbowmEbywo MHomEabmds, Gmdgwog 0dbgds G(n, r) aMexgdo. dsm9ds03mo Imemoobols
06O5803Mm006  200mIEObscg,  L3TIMOLOS  FOTMIMZOCM®  SEBSMMOS P, OMI  d-
396BMBogdosbo  LogME30sb Fgdmbggzom sMgdwo 2 (adEGHowo o0dbgds sMomdgBHgb
856doom sIMMHYdMo, 8999y 30 39399Ms3mm gl p ooy 3MmGHIbEoMMo Fodmgdol

n(n—-1)
2

5096M0d5by.

d=2 9900mb3z93590, 5699 LOdOEYJHY b0 FgMHEHOWGIOLMZ0L, 5TM3565L b OBLGS©
392300005 303900390. ©9350R0bM™ p(r) IMI0IOMENGds: SCBsMMBYS, md gOmgMEm3560
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3390065300 s0gdMo  mMo  Jgdmbgzgzomo  FgOHGowo  6odgBHgl r dsbdooom  sMol
©5dMMg0Mo. ImbyMbgdmEMmdolmM30L, 350m3m3wo 530l Ls30MOLEOOML - MM mMo M Eowo
r-bg 9930 9sbdoomss  IIMMGIMO. 5 gobgobowsg dbmermeo r<1 Fgdmbgglzsl, Moy
39505003906 565¢00BoL BoEMgdL s 9193y 90 FoMTmMoagbl LyMombmer 99brmgsL: r>1
39000b393590 15305(0BS OO MSRO YM3gem30L 3330030 odmEOL.

30m4d35m, Bz9b0 PodGHowgdos A s B. asbgzobocrmom U=AB=(x, y) 39J@™M0. Dmasmdols

T
8901502035 F30350m, H®I 3mby, Gmdgebsg U 39ddmeo Jobob OX @g®@dmsb, [0, 7)
39950900 8gdsMgMdL (LOTYGHMOWMOOID dMIEObsMY, Lbgs bydEmMgdobmzol BMlEs©
02039 5dsMMBS  F00EYds). 5IMORS©, TOWIOMEO  SBsMMBS 8-y b 29350093 M
LodME MM 35Lbol JoBEYdS.

130dbocmgdmwo U=(x, y) 39JB™Oobmzgol A 99odwgds ogmlb bgdobdogho HodGHowo [1-x]x[1-y]
O3 g0sb (3065056 B=A+U 90Hmngmenmgzsbo 335060530l dogboom wbws dmbgoql).
50605, bgmo U 39d@HmMmolb ,[{mbs* 6oL (1-x)(1-y). 250m3035¢mm 53 45dmbsbwyargdols

06&9aG2@0 y39@s 8390w U 39d¢m®By:

x2+y?>r?
(1 —=x)(1 —y)dxdy
0<x<y<1
500l 399mbOM3WgEs© 3OOOZ0EIM 35O 3006 0b5@9ddo

If f(x,y)dxdy = [[ Rf (Rsin6, Rcos8)dRdAO gm®dmemols g58myqbgdoom:

1
’cosO

ff R(1 — Rcos8)(1 — RsinB)dRd6

0=0,R=r

19

S

0b&9a®owol 9398 8ymgy odmbsbregdsdo gMRbowgdol gsblbom Bogowgdm R3sinfcosd —
R2(sinf + cosf) + R, 58  go8mbobmangdol  g506@gadgdom  (Bows  0b@gaGomom) 3o

R* . R3 , . R? 2cos8-sinf 3r*sinfcos—4r3(sinf+cos@)—6r?
(—sm@cos@ — —(sinB + cosB) + —) |1/COS‘9 = — ( )6 B
4 3 2 r 12cos36 12

53000 59 go3MbobMEgdol 0bGgGmowo B-1 J0ds60d:

20



s

3

f 2c0s0 —sin@  3r*sinfcosO — 4r3(sinf + cosB) — 612
0

— do =
12cos36 12
r*cos?6 N r3(sinf — cosf) 126 N tanf 1 /4 ot P omr? 1
8 3 2 6 24cos?60l 0 16 3 8 8

000l 40035¢0ob{i0bgd0m, GMI doMgdmwo 9990 M0l LOodMEYOL 1/8 Bsfoolmgols s s1g3Y
6Omd gb 0dol  F9dMbadmEo  bMmToEIgdol  SEPdIMBLS, MOl 390900M, 3009000 p(r)
59300090900l LEdME MM FMEOIMWSL r<1 Jgdmbgzgzolmaol:

4

r 8
— 2.3 2
p(r) 3 3r + nr

306500096 8500w gobbmIogdgdolmzol  sbseoBol Bs@GoMgds MBO™M Mo S3m35bsl
Pomdmopaqbl, d>2 89dmbggzgddo p(r) Loool Tglogsligdws dmbEg-3sOml  dgommel
3099690: 3539090 OO M5MmEIbMdOL (10 Jogromb) (3005 s 3oM3Eo MmGO F9dmbgzgz0mO
DO G0l 56m5M3gEgl r dobdobBg sdmBgbol LobdoMmal. G9gEs© FOVIINO SEBSMMIJOO
d5Jbodmad  dosbermgdoo  0.00025-000  2obLbb3s3wYIMPS  MYo MO LOWOYJIOLYSD  d=2
d900bgggsdo.

MdMom©  Moxol  fodmgdol g9gbgMogoobmazol 33ws3 89godergds oMGH030  SeAMmMH0mdol
399mygbgds: 396900l ymggero (u, v) §yz0eol 4obbogrgs, dsm dmeol dsbdogrols sdmmgws s
365380 (u, v) {odmb Bsds?gds, v gl 3sbdoo 56 50gds@gds 1-b. 9GH0E, 5 990dwgds by3dom
ddodg 5391300 53MPYdOL BY6J300L0 530l o939, 03¥) A9FMZZE00d FobJOEOL 335MSEL
5 99350056900 2 LOEOEIL. SFM0YSW, 3353 339J3L O(n?) LoOMYOL sSEYMOOMNTO.

D9OGH0wadol  dgdmbggzomo  gobsfowgdobmgzol ©s oo  r-obmzol gl seEamGomdo
33085 MO96 SHEMBss. HMEILS3 FIMEGH0WGdOL gobsfowgds o6 sGol Jgdmbzgzomo, sbos 1-
ol  360036gamds  Bo3ToMOLI  IBIE0S, sMLYdMBL  wm3gmglo  Fgo™MEYdo. LEBMYSM,
D9OGH0olysb sMmomdg@gl R 9s6dogrom ©sdm®mgdmwo §gd@GHowgdols 9mdgdbols s3mEsbsls
qdsbosb ,Fixed-radius near neighbours® s 0g0 3M935¢00 3Mmbom 560l godm3zzwagmeo [11]. Bgdls
d900bg935d0 959m30949bg gOom-gMmo 36mdogro Cell Technique dgomMmOL IMPOGOIS30d.
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B9800 dopmds d=2 89dmbggzsdo 999gado IymBsMgmdl. sg300mo C = H 603b30 s I3YM™
960979 m3560 33500M5@0 C x C o@®M0350. FoGHmoEol ym3z9gwo wx®obmgzol d9dmzommo 0d
03960900l Los, GMmIgdoiE ol dogbom dmbgs. 306506 ymzguro Mx®OL 439MOL Loy®mdg
5oL 1 96 d9B30, gbg 030 69doLdogMo FgMHEHOEOLYE 565dgBHgb r dsbdoom ©ITMGMYdMO
D90 GH0wgd0 046905 96 00539 MR M50 O53 gu F9gO GO0, b 9Hm-9M00d0 8 IgBMdYO VYR MOLYSD.

> n o~ 9nrn2 DoOGHowol  gdmfdgds  gmgzggero

530035,  LodMPEmE  bEds dboweE -

Do GHowolmgzob.

4.5. 9mb53g90ms LEHGNMIEIHIdO MBMILo Bl dgdbOL SEMBGOMTgdOLmZ0L.

©90gdLEHML 5EPMOHOMT0 s LYY s5319dbgdO FJNMPYOO 330030 O boEz5mMO YMSTYdIOL
39000b3935d0 Lbbgoolbgs dmbsggdms LEMmWIEHwMGL 094gbgdgb. 9330030 aMoxol dgdmbggzsdo
O(n?) 5¢rMOH0mI0 LOoMMYYEOL JobomgdsE Bo3dsMmolos domhgme (39MHM9dsdg »dmzwglio
dobdoergdo dsliogdo 0dbsly G9bsbwyeno, beagnm bogrgsmo aMsgolomgol O(m logan) s6 O(nlog:n + m)
LoMmnwerg d00m9g3s 2MM3930L s BodMbIROL FMHM3900L LodrsErgdom.

50  bs3mmddo  30949gbgd  Tbmerm@  sbogzby @O MOMdOm  gMHM35Dg  ©oxdbgdE
003939b@53093L. B0dMbIBOL 3MHM390DY o0 30030 00 IMLEBMHYO0IE gsdmBEObsGY, Brmd
5003900l BESEGHOLGH03WMO T9sMgdoLm30L  LsFoMms Fsmo  LBEMSx3ddgEIdol OO
5mMgbMdOL 2Mx30LM30L F9EsMYds s 5§9b A5dMIObIMY gl 3Mo8900 396 046905 doEr0sb
©OEO. B0dMbBIBOL 4MM3s 30 3615dH03500 MOMBOM FMHMZLMsb FgoMmYdom M39mal I99yg0L

04935 5949010 Foombfizg®mosbo 36553980 sb.

B53MMIoL  Bobpwqddo  dgddbogros  3wsbo DataCenter s dobo  d30wmdoEo  3e0slio
HeapDataCenter. 09)eolbdgds, ®md gl LEGO®IGHMOId0 0bsboggh dmger  0bxgm®mdsiosl
5EamM0mdol  Ab3ergemdols dglobgd, ds0 ImGOoL Fsbdorqdl domhgmew §39Mmgds8y ©s

domi9350™doL Fg9dU.

59 LEGHOWJEHMOIOL Qo9hbosm T9IEIRO FJOMPOYdO:
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¢ void decreaseKey(int v, int dist) — v {39 m3dg »dm3wgbo 3Bol Loa®mdgl dist bLoogdwy
59306090

e void markVisited(int v) - 50608bogl, ®md TguOMWs ©IOJLEHOL  seYMGomdol
0%9M530s v izgMmbomgols

e int getTopVertex() - 506Hbgdl 0d {390mb b@gOL, OHMIwobm30LsE SEYMGHOMToL

039M5E0S XIO 56 TguMHEgdEs s MHMIGEOE Y39 S1go §390mb FmEmOL yz9wsby
SBEml 5MoL dgd6oL Lomogglmsb, sb MoEbgL “-1“ My SLgmo FzgMm 56 Imodgdbs

DataCenter 53 9900m@©900l 083¢9d96¢)s30sl dsbogzol bydwmowgdom sbIbl. decreaseKey o
markVisited 8900930l 5¢eam®omdmeo boOmwarg O(1) 5Jal, begnem getTopVertex 3o O(n).

HeapDataCenter 0949690l 9m@©0x030Mg0me  mOHmdoom  amm3sl  getTopVertex  dgormeols
©3LIMex39d0L dobbom. gM™m35d0 Bsds@gdwos 396mgdol bmdMgdo, HMIwgdol FgsMmgds
bgds gbsdsdobo §39Mmmqdol dsbdowgdom s OHMIgdog 039390 ™30l doMOoMs© M30LYdL.
51939 990MEIOMWOs ,390b6gJLs30s“ (reverse index), HMIOL LodLIoegd00 TgbodEgdgE0s
dmEgdmo BmdGol ddmby §3960mb O(1) ®MmTo dmdgdbs gMm30L bEAHMWIGHOSTo. SO0,
decreaseKey oo markVisited 99000900l bo®Omwerg O(logmn) sGob, bemem getTopVertex O(1)-do

LEOYIEEYOS.

4.6. ©90gdb Bl seEram®omdo s A* dgdbs.
©90gdLEHML 5eMHOMOL s A* dgdbol AyoglgdoIb godmdobasdy, gb MmO seramMomdo

3996000056900 8543L 9P FgMEOE, HMIOL LoAbsBWEsS:

getShortestPath (EuclideanGraph & graph, int source, int destination, bool

heuristic, double upperBound = INFINITY, implementation imp = automatic)

29630563 ™0 356599@M9d0L Jobss®lo:

e graph - 9330EMO 365330, HMIGEdoE ImbEgds MAMmIwglbo gBol dgdbs
e source o destination - {}396M9gd0, H®MIG0S JMHOL ©dm3Eglo ABoL dmdgdbss byFoMHm
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e  heuristic - 53 396399GHM0L dgoMmo (false) 8603369 mdOL  Fgdmbgzgzsdo  bgds
B399 gdM030  ©JoJLEHML  sEAMMOMAoL  53)F5390s.  fobosmdgy  d9dmbggzsdo
1bJ30s A* dgdbsls sbm®E0gwgdl

e upperBound - 36m30¢0 By B350 MIm3wglo 3Bol Log™dgbg

e imp - enum implementation {automatic, matrix, heap}; G030l (33O,
OHMIgGoE ;oM dL, v Hrdgeo dmbszgdms LEGHMWJEHMES MbEs 0dbsl 2odmygbgdwmero
5emM0mdol Abgwrgermdsdo. automatic 50bogl, M seEaMOOMI0 M30mMb FgoMBg3L
bgwbaghgen 8mboigdoms bGOMIGMIOSL.

d90dgds  Mm03MMs© ImaqB3zgbmom heuristic  356599BHM0L  bo33wo®©  SEIYMOOMTOLIMZ0L
0396mgd0l  3m@gb3osegdols  dslogol  AssEgds. A® dgdbol dgdmbgzggzsdo gl 0dbgdms
dsbdoergdo (390 msb destination 39608, bmwm ©goduEHML sEym®Oomdol dgdmbgzgzsdo -
0-9%00 d93L9gdEo Asbog0 (EIOJLAEHMSL seAMGomdo Fgodegds A* sSErymGOmMIoL  39MIM
d9000b393500 3030860Mm0m bl GHmeo 3mE9gb30swol BMbd00m). FogMsd 53 dgdmbggzsdo, A*
5E3MM0mMIoLZ0L bsFOMHM A5BOYIMS Y3z9ges fizgMmbogol destination {39M™dg dsbdoerols
3903wy, o3 sqrt BwY6J300L  Asm35eolobgdom  Ls3zdom  FMMIsEg39  3MM3gLL
PomBmop9bU.

upperBound 356539BHMol  250mygbgds 990gado damdscmgmdl. mvy mdmzwgbo dsbdogrols
399030l 5EMOOMI>d©Y M508g 93MOLEGHOWo FgMMEOo IM3sbgMbgm MMIgE0dy Hol
dmdgdbs  dm3gdme  (3960mgdl  dmol, dga30dwos gl 3mEbs  gedm3z094gbme  Bgdg@o
396530900l 053050  SL5E0WGIWHE: M) 35300900 obgmo fodml Asdmygbgdom Mo0dy
03960 ML 20L509d0L J90306M9dL, MMIol dgmMg dmermdo dymxo §3gem upperBound-bg Madm
@0 356dobg 0dymg3gds dgdbols Loms30sb, g F3gM™ bsdz0ws 396 8935 Lodgdb MMl
b0 5 53 gobomgdol 30Ol M3MO300L 0abMEMOMmYds Tgodwgds. ohdgdom 50
35659930l 360d3b69cmds 3060HMB0m MBSLOYIMBSE SMOL BIMZWOE0, o3 saMmM0mdol
L3 gEMd5Dg BYYo3wgbsls 56 sbgbl.

{0dmgdol Loy™mAdggdo SEAMMOMAL (3bOWIP SO {559 (39d. o0 FOAMMZWS bgds 0d OMU,
OEILsE 59 HodMgdol MgEsdlbozos bgds, dgledsdols {3gHmgdl dmeMol 9330 dsbdowrols
259mm3ols 39939mdom.
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3053308 1093300308 boMOLLOIL A5dMIPObIGY, SEMBOMT0 M3000Mmb 0MBY3L Tmbsgdoms
LEAHOYIHMOL. 9g36086mm, GMI gl SMPBY3560 5055 F30MH306 HTMI0WYOMO 05Dy, ) Mo
Loboo sG>0l Fomdmabowo 4msg0: Dmaxg® I9bmdgwms Logdoo Fgbsbrwo gMoxolmzobsg
mdxmdgbos O(n?) LoMMYWOL  SMOOMIOL  53MTo390s. 3Mmb3MYEHws©, HeapDataCenter
LEAHOMIGHMIOOL MB35 bYds 00 dgdmbgzgzsd0, vy 3* m*logrm 56 509BsBHgds n2-U (LosE n s m
35380 (390mgdol s  fodmgdol  MHomEabmdgdos  Fgbodsdobo).  gb LoOWYgdO
99b3960896@ s MEs© 0gm godmygzsbowo. dgbodzbs: HmEaLsg imp 396939EMOL 3603369 mds
56 5ol automatic, 5¢gMOOMI0 03I Gd)E0s TGLodsdobo BEBMWJEHMES 3odm0Yggbmbs.

4.7. m63IbOH030 ©goJuEMmL seym®omdo.

mMIHOO030  ©goJBEHOL  sEymGomdo  033¢gdgbGocmgdymwos  getShortestPathDoubleSearch
1bJ300L Loboom, HMIol LobysdmMss:

getShortestPathDoubleSearch (EuclideanGraph & graph, int source, int

destination, bool alternate)

graph (o®3mopqbl acMoxL, MGmIgwdos bgds MImzwglo gbol dogds, bmerm source o
destination 0d {j39M™gd0L {43005, OGS Mol »dm3eglo 3Dol dmdgdbss LsFoMm.

53539000 356539@M0 alternate-ols I603369w™ds 9dg0: 09 00 sM0L false, 3sdob ymgger
Bsd0x by bgds 08 bsbg3m0sb i3gMml ©sd8s3905, MMIgEoi 308 Lomegzglbmsb MBG®
Sbwmlb  09ymygds.  alternate=true  Jdgdombgzgzsdo  i3gM™mgdol  ©sdw9dsgzgds  ymzgurm3zol
9dmbs33wgMmdom bmME0gwgds: 3003900 bsbgzMosb, 99m©m0Eb, 30MH39woEsb s by

3990009.

fobo  ®mbJgool  Abgoglo, oo  swymGomdo  ™m30mmb  {iyz9@l, MHMIgwo  Bmbsggdoms
LAHOMIGHMOS 39TM0Ygbml  0bGFMO 53008 ol MToggders. HeapDataCenter UL@®«yd@EH«yeol
5®B935 bgds o) 3mlog(m) < n?.

25



4.8. 5¢mamGHomIgdol LMsxddggdols 3gsMgds.

306500096 5¢am®00dgd0l [omBomdol FgsMgds IMsz3seo bbgoolibgs L3gbsGolmzol oym
LboFodm, doBobdgfimbowo oym  Boduodoer@Mo  bBmaso  BbJsgool 894dbs, GmIgwog
dmEgdmmo  356M599GHMgO0L  6053930LbmM30L  BMobYbEs  SEIYMMOMTGIOL  2od39dL o
LGoGOLEBH030L FJMM39BSL. SO BMbJ300L Logbo@Ms d90wgaos:

void compareAlgorithms (int n, double p, int d,

EuclideanGraph* (*generator) (int,double,int), char * graphName,

char * filename, int tests, int queriesPerTest)

n, p, d §o®Omoabl gMox30l 3sM539@™MgOL: §39MmMmad0L  Momgbmdsl, §odml  gogwrgdols
5¢03500MdsL 96 [odml FqLoddbgers LsFoMm Foglodsgrme dsbdoenl, 0dol dobggzgom vy Mo
G030b M553m56 046905 Loddg s 933e0IMO LOgMEOL FIEBMI0EGdS.

generator {fo®3mo@gbl  dgdmbggzomo  gMsxkgol  dgdddbger  BmbJsosby  3mobGHydl o
d9L505d0LoE MMM getBernoulliRandomGraph, sUggg getRandomGeometricGraph 890dggds
0ymU.

graphName o filename UE5@0LEGH030L Bo0Ol 356599EHMJOL FodMmogbgb.

tests 356590  gobloBL3MogL, vy Mdgbo Lbbgssolbgs aMsxgo wbos ©sgbgMotMgl
5003900l Jglodm{jogdms. ymzgwo sbgmo 3moxzobmagols queriesPerTest Gomgbmdol
03960m9d0lL  890b3z930m0 (Y3000  500Bg3s O SEIYMOOMTIJIOL  godz90s  gmzgero  sd

093000olbm3z0L bgds.

9O0-900 5MLYd0MN0 dMTG6EH0s 5M50F0 AM6BJOOL T390, 00 F9dmNb393580, MHMPILSE
5650870 2M5x0L Mo Bb3sslbgs 3m33mbgbEoL i39Mml 30MBg300 »dmzwrglo dsbdoerols
©593960 OMIG0dg S5eMOHO0MToL o35 Imbs3gdgde, 58 sSaMGomAL Mfg3l dmgeo
d9L50530L0  3MB3Mbg6EHOL  Fgdmgs, Bsbsd  OSLEMEIGDL  BYdomdsl. gl FOWIRZIMGOMEO
39000b3935 5MBYO0MOE (33¢0L BEAHSGHOLEH0ZMM LYOOML, MOL F5FMF IBSWO p b 1 3o65TgBHMOL
96038369cmdolm30L 396 803009dOM Mo G99 R90UL.

Sbgo BoGYISE00L 1530000 L3O FMORoL 49bgMszool G99y 39b9b dob ¥
3003mb9gb3Hgdo  @AWLL. MMEgLsg bgds §3960mgdol  §g30wgdol  sMBg3s, MGMIWgdby3
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dmbgds  SEMOOMIGOOL 2593905, bgds Y3zgms  goblibgzsgqdme  3m33mbyb@Egddo Iymxo

fly30@0b Oanegdywymes.

4.9. MINIMUM-ANGLE-DFS dgomols 033¢ng396¢3530s.

B53dMMI0L BoMgddo 083¢9d9bE0Mmgdmwos MINIMUM-ANGLE-DFS seogm®omdols 396b0o,
6MIgoE 30039 Mogdo 9dgdl bywm390gbm 39B6oEsE F9HBMdYWL s Lo®mdgdo dgdbsl
dolom30L 0dsbgdl, bmwm Fo6mds@gdermdols dgdmbgzg3sdo sHBL yz9es sbsMRYbo Igbmdols
52905l O IR0l 19630 YZOMOOM sMdgergdls Jo0do dogdsbs.

3093 9MM0  goilofyzgBHo  sdmEsbs 98 dgomol  033wgdgbBoEosdo sl 3Mmbggdols
2900m3Ws. 2o30blbmm, HMI HMEILSE SEYMOOMT0 5335390l MMIgErodg v 396mmb, dolo
39BMdgo 3960Mmgd0 WiRIds 08 3MMboL Jegdol dobggzom, GMmIgwoa 0gdbgds v {zgMHm,
d9L50530L AgBMBgE u-b s dgdbol IBOTEEgdOL [oMdGHow t §3gMml FmEMol. MHMELsg qu
3mobg 180 gMo@Mbol GHmeos, gl 60dbsgl HMI u 3gmm dgdsMYMBL v §39MmMmsb t {3gMHmliz9b
Dodmlbmen Ubgogbg s MBOM OO 5ed5MMdOm FoMTmoagbl dgdbols obog®dgargdws
bgwboghge 3960, 30069 §3960m, GMIgwos Jdbol 90-aMomlosd 3Mmbgl (sbvy 53
Lb3030L96 Fo6r00Mdo F0F5MI0)Egd0m FEYIMYMBL). 53 3bYJdOL LOWOIJdOL HBMLEHS©
39003 15385m© FOMTEY3500 3MM39L0YS, HMIgmwog 3603369wmzbs dgobgergds B39bL
3G039007905L.  5doGMd  3Mbggool  bogzwo  3obgbh dsmo  3mLObMLGIOL  QoBMMZWLL.
30b0obMLgdOL MYMEOGIOL MSbsbBs, Lydgdbo 3MMbOL 3LObMLO dMmo39s BMEOIMEOm: cosy =

a%+b%2-c2
2ab

, Loy a = distance(v, t), b = distance(v, u), ¢ = distance(u, t). 50 gmOIMOL JgxsLgds
d90dgds dbMEME 9Mm0 335G 3gu3oL 58MPGIOL M3GMmOE00L BsdwsEGd0m, M3
3990035 Bo3dom 9539dGHwIOL boool.

[0, 180]-365@L0sh Fsergdo  3mLobMugdo  53059mx30gd96  360d369m3s6  m30LgdsL:
3moobol 3mbobMbo 3argdEmdl M30mMmb 3MMbol BOILME ghmo. s3M0YsE, F9BMdIEO

03960m900lL  ©osagds  3MMbOL  3¢9dsEMdOL  Jobggzom Bs3sb65333eg oo 3mbobmligdols
bMOOL Jobg300m IWSRJIOm.
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®530 5. 390093900

5003900l FoMdomdol Jgbonsligdws M350 30M0EIO0Tol IMR0JMmgds Tgodengds:
3ddomdol Mo IMHO  OM, sAMMOmIol  Joge  ©sdds390o  (39HMgdol  Lydmeem
(5mgbMds, 5¢MmMomIol doge gl gdeo MHYEodlozogdol Momgbmds, etc. Bgdl dog
dmAMmM393I0 0g4m MJoIMHO EOMOL A5MES Y39es S1gmo bbb LGHsGHOLE0IMMO dmbsizgdo.
doGM0MO® 356589@HMo T Mol J0dsBbos sEymGHO0mMTol JogH ©3dsz9dwo {i3gMmgdols
(om©gbmdol s bs3mzb MIm3zemgl aBsdo dglyaro F39MMgdoL  MomIbMdOL  Lydmeenm
99335M0905. bb3s LoEY39000 MM 300g350, gb LGSEHOLEHO3S 0M3OL, ¥dmM3Iwglo yHol ymggwo
03960mb Lodmgbgwos Bodmswmo ®odgbo (39MHML ©TMTo390s FMfos seaMmGomAl. o3
356589¢ML 990 ddo ratio-cmo dmzobligbogd.

30650056 obslfomo  BHalBGoMIdoL  3gMom©do  mOMIbO03ds  ©EIOJUEGHOL  sEAMGOMIoL
00309396@&53059, OMIY03 s-096 s -1 WsbEmagl 396Mgdol FMbsEzEgMdo 58v9dsgz9gdL,

©139009b0 9993930 583965, 59 gb 083¢gTgbE 305 0gm goTMYgbgdEo.

LodMEs3ool  BOMEo  J9YE)00 IBIOMIo MOl  Bm3gdMEo. o5 dmbgds doMOMOEO
390092900l Fgx58905 3WOBOZMOO SERMMOMIOOL FoMdomdsls s MINIMUM-ANGLE-DFS

3900MOMb ©5353006M9d00.

5.1. .9m3eglio B0l 5¢raMm®00Tgdol 39se9ds d9Mbmmols 990mbzg3000 36M553930LmZ0U.

096bols 390mbg93000 M95393DY SEMOHO0TJO0L FgEsMgdolm30L F935MBR0Y 4M953930L Lsdo
bbgoolibgs bmds: §39Mmgdol Homqbmdgdoom n=500, n=5000 s n=50000. gmgzgwo BmIol
3M533900bmM30L sbgzg 93500y p-U M3EYbodg 3B60T36gMds S SWRMMOMIJOOL FgEMYdS
dm35b0bg oo MH3MmErbmdol G(n, p) aMexbY 2-, 3- s 4-g56BMmIowgd0sb Logmigdo.

©90gLGHML sEAMM0mTo Bb3s MOIMB FgsMmd0m Y439wsbHg 96593mbmBoIMHs 3MTomdl. dob
9096 5999353900 §390Mmqd0L  LsFMs™m  MoMmEIbMds  LEBHNVOWMMSE MBYdS  AMozOoL
039609008 Gom©gbmdol  bsbg35MmMb  sbermb. s3M0Ys, LOdOEGHYIDY  Fobwsagdmewe  500-
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03960056 93300©MO AGMoxzgddo p=0.01 3565d9G®oL  I60d3bgemdom, GmELsg dcMsxzgdo
Lbodmoenm@ 1186 odm  4969M0M®gds ©s 99dmbggz0om 50900 §39Mmgdol  igzowl
Lodmoem 5 fodm 5dmMgdl, dolo ratio Josbermgdom 50 gsdmob. g HoEbzo aMsxzgol bmdob, p-
b 5 396BM30gd0l BOELMb ghmo© 303 0BM©YdS.

39GOWGOOm MROM LoobGHYMHILMS A* s MOIBOH0Z30 IOJLEHMIL  SEIRMOHOMTYdOL I Fsdob
LEHOGHOLE0ZS. A* dgdbol omTomds F9IMGO00 VIS doEr0sb boErgsmo Mog3900Lm30L
(0079935 350030l 00 LodOEME 893605 KXMOBOL YoJuEHOL SEIYMOOMIAL) s 91939
GOGIMO oMl gds LOZOEOL  PobBMIogdol BOHEILMB JOHMs©. MmOIbHOZ30 ©IOoJuBHMS,
3060Jom, dom 39009Ls© 89domdlL, M3 MBOM boEZomos MORO @S Mo3 dg@os dolbo
396%Bmdogds. d9BoE, BoJuocmgdmwo d-Logzol MmM03g sSwamMomdols ratio JosbErMgdom
dmbm@HMbME0s p-UU B0FsMM. 5d9ob o8MIObIMY, LEHIGOLGHO0ZMNOMO© Ym3gwwo n-Lomgzol
5MLYOMBL OLYMO P’ 5EPBIMBS, GMI G(n, P’) MDY A* o MOIHGOZ30 EIJOJLEHMIL FoMToMdS
905bMqd00 9OHMNBI0M0s, bmerm p<p’ 3603369eMmd9doLMZ0L MOIBGOZ0 IOJuEHMS LyTrsEME
39996 99009390L 9639690 s p>p’ 3603369wMdgdOLmMZ0L F9dEMHYbgd o LEMmemo a3b3wgds.
399m3000m0 dqLsdsdolo p’(n) gobdisos.

0585390000 BHglGH0MmYdoL g9y 30339 p'(n) BwbJs00l dosbermgdomo 3609369 mdgd0

305380 (39mmgdol n=1000, 2000, 3000, .., 9000 EoMmEYbMdgdoLmzol d=2 LogzmEol

396Bm3ogdoliomzgol:
n ~p’ m=p’ *n* (n-1) /2 m/n
1000 0.0205 10239.75 10.23975
2000 0.0129 25787.1 12.89355
3000 0.0095 42735.75 14.24525
4000 0.0078 62384 .4 15.5961
5000 0.0067 83733.25 16.74665
6000 0.0058 104382.6 17.3971
7000 0.0054 132281.1 18.8973
8000 0.0048 153580.8 19.1976
9000 0.0043 174130.65 19.34785
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LodfboeIm, 5dmEsbol B0bssMLOPH 25dmBEObseY 58 LOWOYJOOL FMIoWgds BYEIYEO©
3o050s p’(n) 8964300l JosbEMmgdomo Lsbols Lo bs.

513365 - do0sb boengsmo dgMbmEol 99dmbggzomo Mmexgdol dgdmbgzgzsdo m®mIbGOZ0
©90JuGHMs  3EslOZMMO  SEEYMOOMTIGRL  FmMOL  Loyzgmglem  HoMdomdom  JsdmoMbBg3s.
b5e3500md0L byFoOHM 3MgB0E0Y6EHO IM30IIMWos A6Msxkdo 39O MIdOL Mom©IbmdsLy s
LogMEoL 2obbBMI0GdSBY. MBG™ 3330030 AMBIOOLMZOL v39009Lbos A* dgdbols godmygbgds,
Gdgoi BsdMswmE 2Hgd0L IMdgdbol doe0sb LHMsRs© sbgMbgdL.

5.2. «9m3eglio ol 5¢am®0mdgdol 3gseds d9dmb3zg3000 39M39GM0wEo 3Ms8gdolm3ol.

990mb3z93000 29M39GHO0NWO  FM5xBJIOLMZ0L A* seAMOOMIOL  M30MGILMDS  ©JoJuEHOSL
mOIbO0Z s aMmMomImsb  JgsMgdom 30093 YRGM  asdMm3zgmowo  bgds. gL
396306039305 990mb3z930m0 249MIgEHMO0I0 3M553930L LAOJGHWIOOm: MOE WROM I306095
r, 300 NBOM oo boa®Jol 0dbgds Jgdmbgzgz0m0 »dM3Eglo 2HBgd0 s Tguodsdobo oo
WRO® OO M5mEIbmdOL  i3gMml  dmobsbegdl  m®IbMo30  goJuBHGL  SEryMOOomTo.
95050 r-900LM30L 30 FMOR0 doerosh 9330030 bgds s B396 Mbs Wiz5R0bgm dgMbMOL
36583900L o0 0mMDBY, HMI MOHILOHO30 JOJBEAOIL sERMMOMAOL FoMToMds 93935 M>ROL
§0dmgdol BOHLMb ghmsc.

306500056 899mb3g930m 29MIgEHM0ME AMOxL MRO™ ©YEIOT0boLEH Mo BLEHMMIEGHIOS gosBbos,
300069 859060l 9gdmbz9g300 FMoRL, A* seaMmMomdo 5 w9390 ratio-U 5©fg3l. dogowomsc,
LodMHY)HY obsagdme 5000-(3960™056 s ssbemgdom 625,000-F0dmosb gMsxgdo dolo ratio
6-0056 sbambss, bowrm mGOxged dg@o fodmlb dgdmbggzsdo ratio 3.5-dg 939ds. LoghHmme,
L3 3Moxdo [odmgdol MomEgbmds 3xgH 85063 509do@gds §39M:MmgdoL Momgbmdsl, 5d
d900mob ratio 10-Hg MBOH™ BSOS,

MROM Fo0o0o 2obbmdomgdol LogM(399ddo A* s5EyMOOMIOL 9BRIJGHMOMS 83390005 93995
(009935 35063 MmMIBOOZ YoJLEOBY 39360 19390090 MRYDY).
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©o1336s - gdmbzg30m gMAgBHOOME AM9BJODBY P0MJIoL YMmzgwmzol A* seaMmOomdo
™M3909L0  FoMFsMdOm  2odm0MmBg3s, 30M)  ©IOJLEHMIL  SEEYMOOMTO S ©JOJuEHML
MOIbOH030 SERMOHONT0.

5.3. MINIMUM-ANGLE-DFS 3gomgol 99g3sligds.

MINIMUM-ANGLE-DFS  seogm@omdo  99dw9doggdgemo  ogm  «dmzwgbo  Log®dol
5EaMMH0mIgdolomzol  aBol  Loa®dgbg Bgs Tgxzslgdol  JobofimEadws@. o3  dgRslgdol
399myg9bgdom, obobo 99dwgdbgb BgIgBHo M39MH5309d0L 530 9M0EIdL 0T zgMmgdol
066060900l boOxbg, HMIwgdoz 59 3bmdow Bgws BL3sMHDY MROM JnOL dYdMYMdID
dgobob Boms300sb.

OMamO3 903mBbs, BgMbmEol dgdmbggzom 4Mmexgddo gl dgmmo 396 smfo3l d93MOE
©3909L  FoMTomdsL, 30069 A* dgoboli serym®omdo @y Tglodsdolo dolo  2odmygbgds
09060l 95393030l 5MH5F0BIBTGHMbowos. Igmegls bgMog, d90mbggz00 29magEHMmOWE
3659030 ol Joge bs3mzbo bE3mOL  sdmygbgdom A* swamMomdol 36089369 m3zs60
3LHO9x3905 396 JmbgMbos.

0935 90bodbmmo dgommEo 85063 90BMBbEs gOHmo 3MPbom  Bs0bEGHGMHGLM. Q503390
1003300308 dgdmbzg300m0 39MIGEHOOMO FMHORGOOLMZ0L 030 B0 SHgMbIdL MIm3eglio
3ol 56 Bsbsb LogMdom Lo3domE sbenm oMM EOL 8rMdgdbsl o sTol A* sEaMMHOMIDY

093650 MBOM LHOIGBI 539NJOUL.

955005, 1000-(3960m056 3O@GYge amsx3gddo r=0.075 356M53gBHMolm3ol 00 A*-msb
99056090000 3.5-x960 bozwgdo §39MHmL  ©s3Mdsg9dsl  9bEBL s 98%-05b0  SEBdsHMIOM
3mmdl 1IM3wgl aBobg 9Mmomdg@gl 10%-000 MBOHM aMdgen oG EL. 5000-396m056
dOAYI 2605539000 1=0.03 356539BHOOLMZ0L b5 MYoNH  BoMIOHMEBJOL gl Igomo 95%
3900063939030 3MMEMBL s 535L 8-x96 653wgd0 fi3gMml 2obbowrgol dgwgas sHgMbgdL,
300069 A* dgdbsl bLF0MYdS M3EGH0ToWMO Dol sLEYIBs. 5000-39MM06 Msxgddo d=3
s 1=0.1 356599FM900LM30L gl SWPMOHOMI0  bsEIMAOMH oM IBIMEL 91% TFgdombggzsdo
3Mm)mBL o 535L A* 5eaMmMH0mdBY Lodw)oerm© 9-%gM MBOM LHOOGI 5399dUL.
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9OM-9m0 Y439wsHg 8058093530 9900930 5eamMomdl 50,000-(3960m056 dMGHYge Mo1390Hg
59aL. 1=0.01 dgdmbggzsdo 99% dgdmbgg3zgddo MINIMUM-ANGLE-DFES 3cmwemmdl wdmzegl
3 bobg 96M5739B9Lb 10%-000 gMdgen FoOIOMAL s 5358 20-x96 MRGM bs3wgdo §39MMmb
3956bo300 sbgMbgdl, 3069 A* seram®omdo. 1=0.02 G9dmbggzsdo ogo sbocrmyom® dgwgals
50093 A™-Bg 11-x 96 65300900 f3g0mb gobbowgom.

50605, 50b0dbo dgom©o  A9M339r  d9dmbgzg3gddo Fgodergds  4sdmEAgL  boergsm
3659390d0 dm3eng BoMIMr¥EoL LHMST3s dmbodgdbs.
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365000 - LodMEozool LidsEolEozs

4m39w0 3Gl 30639w LEG®oJmbdo ImEgdmeos 3Mmsxdo (39MHMgdol Mom©Ibmds n, ffodml
5MLYOMBIOL  5EBoMMBS P, LO3MEOL FoBBMToEIgds d, oEIBIMOMYdIM AMsxzgddo [fodmgdol
Lodmoem MoMmEYbmds m s d9MBgme (y30eqdL ImEOL MIM3Iwglo ybol bydmswm boa®mdg 1.

3b®ogdob 1393 9d0s:

e Algorithm - 5am®omdol  EsLobggds, GMIolL  LEIGHOLE0IMMO  Bmbszgdgdos
3993560000 99L50530L bGHModmbdo

e Vertices processed on average - {}39HmgdolL LsdMowm M5Egbmds, HMIIdOLMZOLsS
LOHYYEPEIOMPS SEZMOHOMNTOL 0FGHIMS309d0 JOMO dYdboL Botyergddo

e Total vertices processed / total shortest paths length ratio — Vertices processed on average s
1 356599 M9d0L F9356MH©Y0s

e Average ratio - Lodmoeom J9i3oMEYds §390Mmgdol 00 Mom©IbMdOL, MMIobmzolss
5E03MM0mATS 0EJM30900 Fgoltrmes s 00 M5MEIBMdOL, HMIEdoE MIMIEgl 3bsdo
0ym dglyero gm0 dgobol gomywgddo

e Edges examined on average - {f0dmgdol Lsdmoem GomEgbmds, MmIwmgdog obobows
5EamM0mdds (09 3960M9d0lL IgHBMdJWms MromgbmdgdoL K580, MMIWGOOLMZ0LS
5EMmM0mdds  0GYMs30s  FgolBMs) 9Oo dgdbol  BoMawrgddo. Fg360dbmm, G™I
9600502039 §0dm F90dgds mOXIOH 0gmlb Bsm3wowo 9Hmo dmermEsb s dgmeg
O Mb gobbogrzols MH™U.

e Decrease-keys performed on average - sam®omdol doge Fglrmegdmwo olowgdol
3993060900l M3965(30900L LsTSEM MoMmIbMds GO dYdbol Botywrgddo

Bernoulli, n=500, p=0.01, d=2, m=1186.3, 1=5.0396

Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
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length ratio on average
Dijkstra 247.168 49.0451 47.9648 1294.62 485.008
A% 100.715 19.9847 18.6398 544.601 289.077
Bi-Dijkstra 33.3524 6.6180 6.5455 187.944 146.529
Bernoulli, n=500, p=0.01, d=3, m=1186.19, 1=4.654
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 251.569 54.0543 51.9216 1320.68 472.655
A% 100.841 21.6675 19.8524 550.898 286.886
Bi-Dijkstra 32.314 6.9432 6.7954 183.479 143.259
Bernoulli, n=500, p=0.01, d=4, m=1186.43, 1=4.445
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 251.736 56.6335 53.6303 1319.58 457.682
A% 103.756 23.3421 21.0806 566.018 285.397
Bi-Dijkstra 31.699 7.1313 6.8938 179.176 139.591
Bernoulli, n=500, p=0.02, d=2, m=2376.08, 1=4.06426
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 249.168 61.3071 61.8131 2482 .47 662.044
A% 52.1396 12.8288 12.2314 532.314 305.008
Bi-Dijkstra 29.7181 7.3120 7.4229 308.451 249.763
Bernoulli, n=500, p=0.02, d=3, m=2375.8, 1=3.584
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Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 248.005 69.1978 66.2885 2473.54 606.789
A% 52.777 14.7257 13.4408 541.018 300.097
Bi-Dijkstra 27.439 7.6559 7.4378 284.197 231.098
Bernoulli, n=500, p=0.02, d=4, m=2375.96, 1=3.454
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 255.667 74.0205 71.4985 2549.51 594.269
A* 55.064 15.9420 14.6559 565.825 307.62
Bi-Dijkstra 27.631 7.9997 7.8070 286.408 232.91
Bernoulli, n=500, p=0.05, d=2, m=6236.92, 1=3.23699
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 249.131 76.9637 84.4909 6279.66 919.114
A* 20.0222 6.1854 5.8572 513.168 314.365
Bi-Dijkstra 45.6637 14.1068 15.5603 1174.32 698.37
Bernoulli, n=500, p=0.05, d=3, m=6224.75, 1=2.885
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 241.673 83.7688 85.1518 6114.23 817.526
A* 18.832 6.5275 6.0949 483.576 298.7
Bi-Dijkstra 25.266 8.7577 8.9160 649.797 484.266
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Bernoulli, n=500, p=0.05, d=4, m=6241.5, 1=2.683
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 251.069 93.5777 92.174 6373.44 769.504
A% 19.876 6.5275 6.8724 511.72 309.323
Bi-Dijkstra 23.252 8.6664 8.5795 599.454 457.615
Bernoulli, n=500, p=0.1, d=2, m=12477, 1=2.72371
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 249.92 93.5777 106.419 12498.4 1107.02
A% 9.9231 3.6432 3.4011 501.402 315.953
Bi-Dijkstra 93.8517 34.4573 40.2846 4726.63 1306.43
Bernoulli, n=500, p=0.1, d=3, m=12472.5, 1=2.456
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 244.381 99.5036 105.36 12248.6 952.84
A* 9.91 4.0350 3.7125 499.797 311.39
Bi-Dijkstra 33.129 13.4890 14.3797 1676.63 882.514
Bernoulli, n=500, p=0.1, d=4, m=12472.3, 1=2.3
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 253.034 110.0147 111.285 12708.2 885.846
A* 10.208 4.4382 4.1565 517.074 318.414
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Bi-Dijkstra 24.289 10.5604 10.7558 1231.43 763.159
Bernoulli, n=500, p=0.2, d=2, m=24951.1, 1=2.22967
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 248.892 111.627 132.423 24847.8 1236.57
A% 4.97501 2.2312 2.0552 499.105 319.97
Bi-Dijkstra 140.773 63.1361 75.1479 14073.9 1816
Bernoulli, n=500, p=0.2, d=3, m=24942.3, 1=2.118
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 251.11 118.56 132.223 25076.5 1062.63
A% 5.118 2.4164 2.2324 513.152 323.767
Bi-Dijkstra 57.682 27.2342 29.9551 5782.44 1384.59
Bernoulli, n=500, p=0.2, d=4, m=24978.8, 1=2.015
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 250.791 124.462 130.302 25110.2 979.347
A* 4.949 2.45608 2.27067 497.296 320.044
Bi-Dijkstra 31.374 15.5702 16.2108 3153.2 1176.19
Bernoulli, n=5000, p=0.001, d=2, m=11874.3, 1=6.99806
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
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length ratio on average
Dijkstra 2476.83 353.931 347.769 13002.2 4875.36
A% 1007.22 143.929 136.852 5461.2 2894.63
Bi-Dijkstra 109.512 15.6489 15.5016 626.043 507.039
Bernoulli, n=5000, p=0.001, d=3, m=11874.3, 1=6.443
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2544.21 394.88 382.114 13355.1 4772.02
A% 1050.09 162.982 152.683 5715.95 2915.22
Bi-Dijkstra 107.841 16.7377 16.4097 615.836 498.268
Bernoulli, n=5000, p=0.001, d=4, m=11874.3, 1=6.162
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2444 .42 396.693 378.145 12837.7 4535.57
A% 1001.25 162.487 148.568 5467.59 2754.9
Bi-Dijkstra 103.319 16.7671 16.2279 591.502 478.601
Bernoulli, n=5000, p=0.002, d=2, m=23751, 1=5.68378
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2498.62 439.606 441.825 24932.3 6718.01
A* 525.016 92.3709 89.9396 5369.05 3071.41
Bi-Dijkstra 95.2248 16.7538 16.8688 996.525 869.634
Bernoulli, n=5000, p=0.002, d=3, m=23751, 1=5.035
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Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2530.39 502.56 497.539 25252.2 6268.27
A% 531.715 105.604 101.232 5463.16 3050.31
Bi-Dijkstra 90.791 18.032 17.9403 948.668 828.163
Bernoulli, n=5000, p=0.002, d=4, m=23750.9, 1=4.673
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2479.91 530.688 515.936 24786 5947
A* 518.598 110.978 104.417 5345.58 2949.06
Bi-Dijkstra 86.38 18.4849 18.1714 905.156 790.732
Bernoulli, n=5000, p=0.005, d=2, m=59394.2, 1=4.80024
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2503.38 521.512 546.055 60394 .4 9468.62
A* 210.801 43.9147 43.0562 5166.73 3168.68
Bi-Dijkstra 115.244 24.0079 25.0709 2846.72 2409.93
Bernoulli, n=5000, p=0.005, d=3, m=59395, 1=4.076
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2488.18 610.447 610.272 60259.8 8365.45
A* 207.373 50.8766 48.8482 5101.73 3076.41
Bi-Dijkstra 78.8 19.3327 19.3607 1949.11 1732.28
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Bernoulli, n=5000, p=0.005, d=4, m=59394.2, 1=3.699
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2527.09 683.182 667.738 61210.5 7773.1
A% 208.583 56.389 52.9288 5136.59 3083.72
Bi-Dijkstra 74.627 20.1749 19.8575 1843.24 1642.58
Bernoulli, n=5000, p=0.01, d=2, m=118852, 1=4.28122
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2500.36 584.031 641.33 119364 12035.7
A% 105.144 24.5593 23.9819 5077.89 3209.9
Bi-Dijkstra 294.132 68.7029 75.8903 14220.6 7218.31
Bernoulli, n=5000, p=0.01, d=3, m=118850, 1=3.634
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2541.59 699.392 715.121 121745 10163.3
A* 109.488 30.1288 29.1452 5297.38 3275.29
Bi-Dijkstra 90.209 24.8236 25.4311 4374.3 3584.05
Bernoulli, n=5000, p=0.01, d=4, m=118854, 1=3.231
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2471.89 765.054 754.973 118586 9050.7
A* 104.976 32.4903 30.8803 5080.5 3128.15
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Bi-Dijkstra 70.188 21.7233 21.5801 3401.8 2904.29
Bernoulli, n=5000, p=0.05, d=2, m=624860, 1=3.15049
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2500.82 793.786 928.927 625108 19378.6
A* 20.0273 6.3569 6.04682 5019.76 3270.04
Bi-Dijkstra 1462.22 464.126 544.282 365627 27519.1
Bernoulli, n=5000, p=0.05, d=3, m=624884, 1=2.793
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2517.93 901.515 1029.25 629599 14714.8
A% 20.194 7.23022 6.7617 5060.35 3235.42
Bi-Dijkstra 443.223 158.691 181.562 111021 17052.7
Bernoulli, n=5000, p=0.05, d=4, m=624925, 1=2.555
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2509.67 982.259 1046.9 627815 12663.8
A* 20.381 7.97691 7.59645 5113.5 3238.22
Bi-Dijkstra 143.335 56.0998 58.7715 35957.3 12537.1
Bernoulli, n=5000, p=0.1, d=2, m=1249720, 1=2.69225
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
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length ratio on average
Dijkstra 2501.48 929.141 1101.35 1250480 21296.5
A% 10.0105 3.71828 3.48663 5010.19 3259.06
Bi-Dijkstra 1616.02 600.251 712.116 807887 33604.3
Bernoulli, n=5000, p=0.1, d=3, m=1249790, 1=2.415
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2532.54 1048.67 1184.95 1266150 16286.5
A% 10.073 4.17101 3.87282 5042.25 3240.41
Bi-Dijkstra 771.867 319.614 362.446 386072 23042
Bernoulli, n=5000, p=0.1, d=4, m=1249700, 1=2.272
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2451.21 1078.88 1168.4 1225590 13807
A% 9.839 4.33055 4.09967 4926.1 3224.11
Bi-Dijkstra 260.745 114.765 123.663 130497 17710.2
Bernoulli, n=50000, p=0.0005, d=2, m=593769, 1=6.2405
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 24912.4 3992.05 4110.55 602085 95514
A* 2106.73 337.591 335.733 51649.7 31673.5
Bi-Dijkstra 316.875 50.7772 52.0708 7839.17 7283.94
Bernoulli, n=50000, p=0.0005, d=3, m=593772, 1=5.23
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Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25047.2 4789.15 4746.01 606262 84877.1
A% 2027.9 387.744 370.558 49826.1 30178.8
Bi-Dijkstra 242.79 46.4226 46.88 6001.58 5622.43
Bernoulli, n=50000, p=0.0005, d=4, m=593768, 1=4.6
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 24485.6 5322.95 5242.12 593505 76971.7
A% 2111.25 458.967 440.65 51975.2 30589.9
Bi-Dijkstra 233.45 50.75 50.0698 5778.25 5408.45
Bernoulli, n=50000, p=0.001, d=2, m=1187600, 1=5.6735
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25130.9 4429.53 4706.05 1200320 122675
A* 1063.9 187.521 186.068 51363.9 32433.7
Bi-Dijkstra 702.373 123.799 132.187 34037.9 26590.2
Bernoulli, n=50000, p=0.001, d=3, m=1187600, 1=4.57
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 24707.4 5406.44 5425.7 1184270 102386
A* 1099.28 240.543 227.778 53167.4 32115.9
Bi-Dijkstra 261.79 57.2845 57.7026 12697.5 11817.7
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Bernoulli, n=50000, p=0.001, d=4, m=1187600, 1=4.18
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25508.5 6102.5 6018.65 1223030 92811.7
A% 1084.63 259.481 247.158 52506.2 32697
Bi-Dijkstra 227.52 54.4306 53.8759 11035.4 10333.5
Bernoulli, n=50000, p=0.002, d=2, m=2375460, 1=5.1888
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25112.8 4839.82 5281.46 2389260 157654
A% 525.141 101.207 100.098 50306.7 32615.9
Bi-Dijkstra 3518.15 678.028 741.981 336559 98574.3
Bernoulli, n=50000, p=0.002, d=3, m=2375460, 1=4.52
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25754.8 5697.97 5868.85 2455280 125356
A* 539.17 119.285 117.847 51700.6 33676.2
Bi-Dijkstra 384.08 84.9735 85.5452 36883.5 30403
Bernoulli, n=50000, p=0.002, d=4, m=2375450, 1=3.77
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25358.7 6726.43 6926.02 2419790 109010
A* 467.01 123.875 123.406 44833.2 30277.5
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Bi-Dijkstra 222.7 59.0716 61.1004 21416.9 19483.9
Bernoulli, n=50000, p=0.005, d=2, m=5940510, 1=4.5918
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 24951 5433.82 6087.84 5929650 217219
A* 206.476 44.9663 44.164 49226.1 32812.9
Bi-Dijkstra 11338.6 2469.32 2779.08 2696470 247218
Bernoulli, n=50000, p=0.005, d=3, m=5940510, 1=3.72
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 24982.6 6715.75 7510.31 5939840 155828
A% 215.36 57.8925 56.8225 51353.1 33439.3
Bi-Dijkstra 1426.08 383.355 418.096 340018 105356
Bernoulli, n=50000, p=0.005, d=4, m=5940500, 1=3.36
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25027 7448.52 7668.96 5954190 132511
A* 228.27 67.9375 65.5347 54444.9 34089.3
Bi-Dijkstra 317.22 94.4107 96.6435 75709.3 55054.1
Bernoulli, n=50000, p=0.01, d=2, m=11887300, 1=4.142
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
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length ratio on average
Dijkstra 24805.5 5988.77 6747.02 11795000 265908
A% 103.508 24.9898 24.4477 49294 32963.5
Bi-Dijkstra 14638.5 3534.17 3977.43 6961520 365751
Bernoulli, n=50000, p=0.01, d=3, m=11887300, 1=3.52
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 23113.4 6566.3 7144.08 10992100 180465
A% 108.79 30.9063 29.6105 51807.2 34271.7
Bi-Dijkstra 2844.62 808.131 835.364 1354350 175131
Bernoulli, n=50000, p=0.01, d=4, m=11887300, 1=3.06
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 24366.4 7962.89 8207.03 11590700 149423
A% 87.98 28.7516 28.2652 41912.4 29004.7
Bi-Dijkstra 612.24 200.078 203.704 291667 112640
Geometric, n=500, r=0.05, d=2, m=939.667, 1=11.1285
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 64.9994 5.84081 5.34077 286.446 80.3915
A% 32.6511 2.93401 2.24277 147.838 49.2875
Bi-Dijkstra 53.2902 4.78863 4.25297 238.333 71.8298
Geometric, n=500, r=0.1, d=2, m=3589.1, 1=7.43841
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Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 249.478 33.5392 31.1064 3685.34 478.319
A% 22.8454 3.07127 2.63071 350.734 104.998
Bi-Dijkstra 165.697 22.2758 19.9443 2460.45 378.067
Geometric, n=500, r=0.2, d=2, m=13132.1, 1=3.70988
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 249.276 67.1924 62.7642 13727.2 769.812
A* 6.65011 1.79254 1.59974 390.521 149.981
Bi-Dijkstra 167.09 45.0391 40.5095 9212.12 715.503
Geometric, n=500, r=0.2, d=3, m=3298.32, 1=4.949
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 244.698 49.4439 45.2467 3428.2 459.79
A* 16.971 3.42918 2.93601 263.033 92.243
Bi-Dijkstra 104.235 21.0618 18.7758 1489.02 296.661
Geometric, n=500, r=0.2, d=4, m=742.34, 1=11.775
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 186.05 15.8004 14.8095 686.65 224.157
A* 92.052 7.81758 6.45073 353.988 129.408
Bi-Dijkstra 85.015 7.21996 6.60381 330.7 122.214
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Geometric, n=500, r=0.4, d=4, m=43028, 1=1.97491
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 249.323 126.245 120.397 45729.3 999.424
A% 2.40788 1.21924 1.1533 466.702 264.703
Bi-Dijkstra 167.377 84.7516 77.9559 30561.5 1197.35
Geometric, n=500, r=0.4, d=3, m=20241.3, 1=2.396
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 248.287 103.626 96.5303 21659.4 839.393
A% 3.45 1.4399 1.33518 339.554 173.866
Bi-Dijkstra 109.863 45.8527 41.1638 9648.61 832.382
Geometric, n=500, r=0.4, d=3, m=8682.78, 1=2.836
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 245.214 86.4647 78.9998 9276.92 641.415
A* 6.223 2.19429 1.93937 276.872 123.807
Bi-Dijkstra 75.188 26.512 23.6136 2925.32 494.224
Geometric, n=5000, r=0.015, d=2, m=8714.92, 1=13.63
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 80.0498 5.87305 5.20263 333.893 96.1929
A* 43.1981 3.16934 2.33111 184.681 61.0799
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Bi-Dijkstra 66.9759 4.91386 4.21391 283.047 86.1427
Geometric, n=5000, r=0.02, d=2, m=15432.6, 1=43.612
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2456.65 56.3297 51.9496 15442.4 3206.67
A* 584.598 13.4045 11.1755 3754.53 967.833
Bi-Dijkstra 1515.97 34.7605 30.9171 9597.42 2056.89
Geometric, n=5000, r=0.03, d=2, m=34439.2, 1=24.24093
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2497.46 102.991 95.1268 34721.2 4329.02
A* 209.562 8.64197 7.19363 2981.31 674.548
Bi-Dijkstra 1651.92 68.1224 60.3197 22999.4 3040.71
Geometric, n=5000, r=0.05, d=2, m=94038.7, 1=14.2653
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2494 .38 174.857 161.807 95149.8 6138.55
A* 76.5586 5.36677 4.51166 2992.13 664.726
Bi-Dijkstra 1665.84 116.776 103.657 63598.7 4543.28
Geometric, n=5000, r=0.05, d=3, m=6183.72, 1=17.947
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
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length ratio on average
Dijkstra 147.052 8.19368 6.77072 485.818 164.019
A% 93.463 5.20772 3.7092 314.279 113.994
Bi-Dijkstra 104.128 5.80197 4.70682 350.709 124.281
Geometric, n=5000, r=0.1, d=2, m=359844, 1=7.22293
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2497.29 345.744 320.753 368917 9080.9
A% 21.5286 2.98059 2.56403 3326.7 884.75
Bi-Dijkstra 1672.01 231.486 206.088 247200 7418.83
Geometric, n=5000, r=0.1, d=3, m=46656.5, 1=9.453
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2514.43 265.993 243.431 48356 4623.8
A% 89.481 9.46588 7.95734 1846.11 472.947
Bi-Dijkstra 1041.41 110.167 96.3362 20197.8 2453.45
Geometric, n=5000, r=0.1, d=4, m=5360.42, 1=33.788
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 683.6 20.232 18.3495 2039.51 737.805
A* 486.838 14.4086 11.9703 1467.49 549.817
Bi-Dijkstra 364.542 10.7891 9.40825 1115.27 416.614
Geometric, n=5000, r=0.2, d=2, m=1313560, 1=3.72237
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Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2502.95 672.408 628.75 1375840 12427.1
A* 6.66779 1.79128 1.60438 3924.55 1470.73
Bi-Dijkstra 1672.2 449.23 403.666 918735 11804.3
Geometric, n=5000, r=0.3, d=3, m=330653, 1=4.547
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2466.14 542.367 542.367 342770 8093.01
A% 14.648 3.22146 2.80268 2297.74 700.362
Bi-Dijkstra 1074.12 236.227 206.289 150542 5868.3
Geometric, n=5000, r=0.3, d=4, m=74243.2, 1=5.601
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 2482.26 443.181 405.568 78106.9 5281.57
A* 44.675 7.97625 6.7815 1621.68 476.44
Bi-Dijkstra 680.397 121.478 106.351 21871.8 2549.69
Geometric, n=50000, r=0.005, d=2, m=97823.4, 1=35.278
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 369.953 10.4868 9.04758 1623.41 436.564
A* 215.115 6.0977 4.40478 955.784 281.822
Bi-Dijkstra 298.726 8.46776 6.96772 1321.88 362.71
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Geometric, n=50000, r=0.01, d=2, m=389490, 1=71.597
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 24966.6 348.71 322.127 390088 43849.5
A% 1753.88 24.4965 20.1068 27650.6 5333.62
Bi-Dijkstra 16622 232.161 205.225 259783 29816.1
Geometric, n=50000, r=0.015, d=2, m=872169, 1=47.2109
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25134.3 532.384 492.584 880552 57528.1
A% 776.895 16.4558 13.5958 27474.6 4684.55
Bi-Dijkstra 16783.8 355.507 315.395 588191 39726.9
Geometric, n=50000, r=0.025, d=2, m=2402380, 1=28.2885
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 25070.8 886.256 818.692 2426510 75623.5
A* 285.446 10.0905 8.36614 27986.7 4529.48
Bi-Dijkstra 16744.1 591.904 524.27 1621230 53574.3
Geometric, n=50000, r=0.05, d=2, m=9402860, 1=14.1451
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 24815.2 1754.33 1621.15 9463350 102413
A* 75.9192 5.36717 4.50787 29728.8 5513.52
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Bi-Dijkstra 16573.5 1171.68 1038.37 6322600 76895.7
Geometric, n=50000, r=0.05, d=3, m=618743, 1=18.76
Algorithm Vertices Total vertices | Average | Edges Decrease-
processed processed / total | ratio examined keys
on average | shortest paths on average | performed
length ratio on average
Dijkstra 26080.7 1390.23 1272.32 655776 47910.7
A% 654.23 34.8737 28.193 17056.5 3187.44
Bi-Dijkstra 10988.8 585.756 509.006 276523 22958.1
Minimum-angle-DFS, Geometric, n=1000, d=2
P Average Exact Within Within Within Within >1.4 * MADFS Ax
number 10% 20% 30% 40% shortes | visited visited
of edges t vertices vertices
0.05 3760.25 7.345% 44.205% | 15.956% 8.151% 5.05% 19.293% 24.4523 95.133
0.075 8276.77 15.83% 82.408% 1.37% 0.194% 0.075% 0.123% 10.6844 37.5778
0.1 14383 23.984% | 75.959% 0.052% 0.003% 0.001% 0.001% 7.86996 21.8383
0.15 30926.4 39.864% | 60.136% 0% 0% 0% 0% 5.27806 10.6875
Minimum-angle-DFS, Geometric, n=1000, d=3
0.15 5933.01 23.606% | 53.876% | 14.512% 4.31% 1.54% 2.156% 7.53709 36.1281
0.2 13235.4 38.138% | 59.575% 2.092% 0.147% 0.036% 0.012% 5.05068 15.8047
0.25 24252.4 49.392% | 50.434% 0.171% 0.002% 0.001% % 3.97594 9.136
Minimum-angle-DFS, Geometric, n=5000, d=2
0.02 15440.3 1.257% 11.821% 12.22% 11.141% 9.35% 54.211% 95.4626 581.788
0.03 34450.5 3.208% 91.742% 3.929% 0.602% 0.254% 0.265% 26.9796 210.593
0.05 94050.7 8.085% 91.915% 0% 0% 0% 0% 15.4374 76.9197
0.1 359817 23.986% | 76.014% 0% 0% % % 7.81849 21.6589
Minimum-angle-DFS, Geometric, n=5000, d=3
0.1 46667 .4 12.338% 78.56% 8.111% 0.754% 0.138% 0.099% 10.2226 90.836
0.15 148447 25.977% 73.975% 0.045% 0.003% % 0% 6.43681 29.783
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0.2 331003 38.641% | 61.359% 0

Minimum-angle-DFS, Geometric, n=50000, d=2

0.01 389365 0.415% 98.725% 0.753% 0.073% 0.018% 0.016% 78.6623 1758.88
0.02 1544160 1.58% 98.42% 0% 0% 0% 0% 37.8993 441.47
0.03 3444800 3.35% 96.65% 0% 0% 0% 0% 25.3017 201.029
0.05 9404710 8.236% 91.764% 0% 0% 0% 0% 15.2951 76.1233
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