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!"a"is"i&s 'n ne"*'r,s -a.e /e&'me .i"a1 "' "-e s"ud4 '5 re1a"i'na1
da"a dra*n 5r'm areas in&1uding /i/1i'me"ri&s7 5raud de"e&"i'n7
/i'in5'rma"i&s7 and "-e 8n"erne"9 :a1&u1a"ing man4 '5 "-e m's"
im;'r"an" measures<su&- as /e"*eenness &en"ra1i"47 &1'seness
&en"ra1i"47 and gra;- diame"er<re=uires iden"i54ing s-'r" ;a"-s in
"-ese ne"*'r,s9 >'*e.er7 5inding "-ese s-'r" ;a"-s &an /e in"ra&?
"a/1e 5'r e.en m'dera"e?si@e ne"*'r,s9 Ae in"r'du&e "-e &'n&e;"
'5 a ne"*'r, s"ru&"ure indeB CD!8E7 a &'m;'si"i'n '5 CFE a se" '5
ann'"a"i'ns 'n e.er4 n'de in "-e ne"*'r, and CGE a 5un&"i'n "-a"
uses "-e ann'"a"i'ns "' es"ima"e gra;- dis"an&e /e"*een ;airs '5
n'des9 Ae ;resen" se.era1 .arie"ies '5 D!8s7 eBamine "-eir "ime
and s;a&e &'m;1eBi"47 and ana14@e "-eir ;er5'rman&e 'n s4n"-e"i&
and rea1 da"a se"s9 Ae s-'* "-a" &rea"ing an D!8 5'r a gi.en ne"?
*'r, ena/1es eB"reme14 e55i&ien" and a&&ura"e es"ima"i'n '5 a
*ide .arie"4 '5 ne"*'r, s"a"is"i&s 'n "-a" ne"*'r,9

&'te*orie. '/0 #123e4t 5e.4riptor.

>9G9H IJa"a/ase K;;1i&a"i'nsLM Ja"a mining
>9N9F I:'n"en" Kna14sis and 8ndeBingLM 8ndeBing me"-'ds

Ge/er'8 $er9.

K1g'ri"-ms7 Oeasuremen"

:e;<or0.

De"*'r, s"ru&"ure indeB7 s'&ia1 ne"*'r, ana14sis7 ,n'*1edge
dis&'.er4 in gra;-s7 &en"ra1i"4

1> ?@$%A5B&$?A@

P!iB Jegrees '5 Qe.in Ra&'nS is a ;';u1ar "ri.ia game "-a" &-a1?
1enges ;1a4ers "' 5ind a ;a"- '5 &'?s"ar re1a"i'ns-i;s "-a" &'nne&" a
gi.en a&"'r *i"- Qe.in Ra&'n7 a ;';u1ar Kmeri&an ;er5'rmer *-'
-as a;;eared in '.er TU m'.ies IGTL9 Vi.en "-e a&"'r Wau1 Xu1ia7
5'r eBam;1e7 ;1a4ers mig-" ;r'du&e "-e ;a"- Wau1 Xu1ia Y :-ris"ina
Wi&&i CPZ-e Kddams [ami14SE Y Ain'na Wider CPOermaidsSE Y
:-ris"ian !1a"er CP>ea"-ersSE Y Qe.in Ra&'n CPOurder in "-e
[irs"SE9 Z-e game is an a;;1i&a"i'n '5 a &1assi& ;r'/1em in &'m?
;u"er s&ien&eM 5inding s-'r" ;a"-s /e"*een n'des in a gra;-9

[inding s-'r" ;a"-s is n'" \us" an amusing di.ersi'n9 ].er "-e ;as"
se.era1 de&ades7 s'&ia1 s&ien"is"s and ma"-ema"i&ians -a.e de.ised
se.era1 use5u1 measures "-a" &an /e &a1&u1a"ed 'n "-e n'des '5 a
ne"*'r,7 ea&- '5 *-i&- is deri.ed 5r'm "-e n'des^ ;ar"i&i;a"i'n in
s-'r" ;a"-s9 Z*' '5 "-e /es"?,n'*n measures are /e"*eenness
&en"ra1i"4<"-e ;r';'r"i'n '5 a11 s-'r"es" ;a"-s in "-e ne"*'r, "-a"
run "-r'ug- a gi.en n'de<and &1'seness &en"ra1i"4<"-e a.erage
dis"an&e 5r'm "-e gi.en n'de "' e.er4 '"-er n'de in "-e ne"*'r,
IHL9 ['r eBam;1e7 &en"ra1i"4 measures &an -e1; e.a1ua"e *-e"-er
Or9 Ra&'n 1ies near "-e &en"er '5 "-e >'114*''d uni.erse 'r

*-e"-er -e is near "-e ;eri;-er49 !e.era1 resear&-ers -a.e used
su&- measures "' &'ns"ru&" s"a"is"i&a1 m'de1s '5 ne"*'r,s I_LIFTL9

We&en" *'r, in ,n'*1edge dis&'.er4 -as /egun "' s"ud4 .er4
1arge ne"*'r,s7 '5"en &'m;rising mi11i'ns '5 n'des9 Vi.en ne"?
*'r,s '5 "-is si@e7 e.en "-e m's" e55i&ien" a1g'ri"-ms 5'r &a1&u1a"?
ing ne"*'r, s"a"is"i&s &an /e&'me in"ra&"a/1e9 ['r eBam;1e7 "-e
m's" e55i&ien" ,n'*n a1g'ri"-ms 5'r &a1&u1a"ing /e"*eenness &en?
"ra1i"4 and &1'seness &en"ra1i"4 are ]Cne`nG1'gnE7 *-ere n and e
are "-e num/er '5 n'des and edges in "-e gra;- IGL9 Kd -'& &a1&u?
1a"i'ns "-a" use /asi& ;a"- 5inding &an -a.e e.en -ig-er &'m;1eB?
i"47 as "-e4 re=uire /idire&"i'na1 /read"-?5irs" sear&-9

Ci*1re 1D $Ee 'Fer'*e /192er oG /o0e. eHp8ore0 2; 2i0ire4I

tio/'8 2re'0tEIGir.t .e'r4E i/4re'.e. 0r'9'ti4'88; '. p'tE

8e/*tE i/4re'.e.> $Ee i/.et *r'pE .Eo<. tEe 0i.tri21tio/ oG

.Eorte.t p'tE 8e/*tE> "otE *r'pE. 're 2'.e0 o/ tEe %eH' 4it'I

tio/ *r'pE J.ee Appe/0iH A Gor 0et'i8.K>

['r ins"an&e7 &'nsider "-e WeBa &i"a"i'n gra;- '5 ;a;ers in &'m?
;u"er s&ien&e and re1a"ed 5ie1ds Csee K;;endiB K 5'r de"ai1sE9 Z-e
1arges" &'nne&"ed &'m;'nen" &'n"ains FaT7UUU n'des C;a;ersE
&'nne&"ed /4 NGF7UUU edges C&i"a"i'nsE9 [igure F de;i&"s "-e dis?
"ri/u"i'n '5 s-'r"es" C';"ima1E ;a"- 1eng"-s /e"*een ;airs '5 n'des
Cinse"E7 a1'ng *i"- "-e a.erage num/er '5 n'des eB;1'red /4 a
/idire&"i'na1 /read"-?5irs" sear&- "-a" dis&'.ers "-ese ;a"-s9 ]n
a.erage7 iden"i54ing a ;a"- '5 median 1eng"- *i"- /read"-?5irs"
sear&- re=uires "-e eB;1'ra"i'n '5 -undreds '5 n'des7 *-i1e 5ind?
ing a ;a"- '5 1eng"- FT re=uires "-e eB;1'ra"i'n '5 aT7UUU n'des9
:a1&u1a"i'ns "-a" re=uire 5inding man4 '5 "-ese ;a"-s /e&'me
&um/ers'me7 i5 n'" im;'ssi/1e9



Re1'*7 *e in"r'du&e "-e &'n&e;" '5 a net$or' structure inde-
CD!8E7 a "''1 "-a" ena/1es e55i&ien" ;a"- 5inding in 1arge re1a"i'na1
da"ase"s9 Ae ;resen" se.era1 .arie"ies '5 D!8s7 eBamine "-eir "ime
and s;a&e &'m;1eBi"47 and ana14@e "-eir ;er5'rman&e 'n s4n"-e"i&
and rea1 da"a9 [ina1147 *e s-'* "-a" &rea"ing an D!8 5'r a ne"*'r,
ena/1es eB"reme14 e55i&ien" and a&&ura"e es"ima"i'n '5 a *ide
.arie"4 '5 gra;- s"a"is"i&s 'n "-a" ne"*'r,9

L> $MN #$%B&$B%N ?@5NO

K net$or' structure inde- is simi1ar "' "-e "4;e '5 indeB &'m?
m'n14 used "' s;eed =ueries in m'dern da"a/ase s4s"ems9 Kn D!8
&an /e &'ns"ru&"ed 'n&e 5'r a gi.en gra;- and "-en used "' s;eed
"-e &a1&u1a"i'n '5 d'@ens 'r -undreds '5 su/se=uen" measures 'n
"-e gra;-9 Z-e in"ui"i'n /e-ind D!8s is ;r'.ided /4 ;re.i'us *'r,
"-a" -as s-'*n "-a" ;a"- 5inding &an /e sur;rising14 e55i&ien" in a
ne"*'r, "-a" eB-i/i"s -'m';-i147 "-e "enden&4 '5 neig-/'ring
n'des "' -a.e simi1ar a""ri/u"e .a1ues IFL9 bn5'r"una"e147 man4
ne"*'r,s d' n'" Pna"ura114S -a.e a""ri/u"es "-a" eB-i/i" -'m'?
;-i149 >'*e.er7 *e &an s4n"-e"i&a114 genera"e and ann'"a"e an4
ar/i"rar4 gra;- *i"- su&- an a""ri/u"e and use i" 5'r ;a"-5inding in
"-e same *a4 "-a" des"ina"i'n and mi1eage signs im;r'.e na.iga?
"i'n in a GJ cu&1idean s;a&e '5 r'ad*a4s9

Kn D!8 &'nsis"s '5 "*' &'m;'nen"s9 Z-e 5irs" is a se" '5 n'de
ann'"a"i'ns "-a" ;r'.ides in5'rma"i'n a/'u" re1a"i.e 'r a/s'1u"e
1'&a"i'n9 ['rma1147 5'r a gra;- G &'nsis"ing '5 .er"i&es / and
edges 07 "-e ann'"a"i'ns de5ine a 5un&"i'n 1M /! 27 *-ere 2 is an
ar/i"rari14 &'m;1eB Pann'"a"i'n s;a&e9S Z-e se&'nd e1emen" '5
"-e s"ru&"ure indeB is a dis"an&e measure DM 2 ! 2 ! ! "-a" ma;s
;airs '5 n'de ann'"a"i'ns "' a ;'si"i.e rea1 num/er9

Ae d' n'" re=uire 'ur dis"an&e measure D "' /e un/iased C'r e.en
a me"ri&E9 Ks a resu1"7 "-e ;a"-s *e 5ind are n'" guaran"eed "' /e
';"ima19 >'*e.er7 in ;ra&"i&e7 sear&- using 'ur /es" D!8s re"urns
;a"-s "-a" are /'"- s-'r" and su55i&ien" 5'r a *ide .arie"4 '5 a;;1i?
&a"i'ns9 ]ur ann'"a"i'n s;a&e 2 &an /e =ui"e sim;1e Ce9g97 a sing1e
.a1ue 5'r ea&- n'deE 'r &'m;1eB Ce9g97 mu1"idimensi'na1 .e&"'rs
'5 .a1uesE9 Ks *i"- da"a/ase indi&es7 "-e ,e4 is "' /a1an&e "-e
&'m;1eBi"4 '5 "-e ann'"a"i'n ;r'&ess *i"- i"s u"i1i"49 8n "-e 5'11'*?
ing su/se&"i'ns7 *e ;resen" se.era1 eBam;1es '5 D!8s9 ['r ea&-7
*e &'nsider "-e "ime and s;a&e re=uired "' /ui1d and s"'re "-e
ann'"a"i'ns7 "-e "ime &'m;1eBi"4 '5 using "-e indeB7 and "-e =ua1?
i"4 '5 "-e indeB9

Kn D!8 &an /e used dire&"14 "' a;;r'Bima"e gra;- dis"an&e7 'r i"
&an /e &'m/ined *i"- a sear&- a1g'ri"-m "' dis&'.er s-'r" ;a"-s
/e"*een an4 "*' n'des in a gra;-9 Ae eB;1're /'"- a;;r'a&-es in
"-is ;a;er9 8n 'ur eB;erimen"s "-a" use "-e 1a""er a;;r'a&-7 *e use
/es"?5irs" sear&-7 =ueuing n'des a&&'rding "' "-eir ann'"a"i'n
dis"an&e D 5r'm "-e "arge"9 A-en using an D!8 5'r ;a"-5inding7
*e use "-e 5irs" ;a"- dis&'.ered /e"*een "-e 'rigin and des"ina"i'n
n'des7 ra"-er "-an &'n"inuing "' eB;1're a1"erna"i.e r'u"es9

L>1 APP PA?%# #MA%$N#$ PA$M JAP#PK

Km'ng "-e m's" /asi& D!8s is "-e Kdd eK8W! !>]WZc!Z eKZ>

CKe!eE indeB7 &'nsis"ing '5 an n!n ma"riB Cn f g/gE &'n"aining "-e
';"ima1 ;a"- dis"an&es /e"*een a11 ;airs '5 n'des9 Z-e a&&'m;a?
n4ing dis"an&e 5un&"i'n is a sim;1e 1'',u; in"' "-is "a/1e9 A-i1e
"-is s"ra"eg4 4ie1ds ';"ima1 resu1"s *-en sear&-ing 5'r ;a"-s7 in
man4 &ases i" ma4 /e in5easi/1e in "erms '5 ann'"a"i'n &'m;1eB?
i"4<"-e [1'4d?Aars-a11 a1g'ri"-m runs in ]CnNE IhL7 *-i1e m're
&'m;1eB a;;r'a&-es using 5as" ma"riB mu1"i;1i&a"i'n &an redu&e
"-e eB;'nen" "' G9Nha IiL9 [ur"-erm're7 Ke!e re=uires ]CnGE "'

s"'re "-e dis"an&es "-emse1.es9 K1"-'ug- Ke!e ma4 seem "ri.ia17
"-e use '5 s"ru&"ure indi&es is a genera1 a;;r'a&-7 n'" s;e&i5i& "' a
sing1e im;1emen"a"i'n 'r ann'"a"i'n s&-eme9 Kn4 D!8 "rades '55
&'m;1eBi"4 and ;er5'rman&e7 and Ke!e re;resen"s an eB"reme 'n
/'"- s&a1es9

L>L 5NG%NN

Z-e JcVWcc D!8 re;resen"s "-e ';;'si"e ends '5 "-e &'m;1eBi"4
and ;er5'rman&e s;e&"ra 5r'm Ke!e9 8n "-is s&-eme7 *e sim;14
ann'"a"e ea&- n'de *i"- i"s undire&"ed degree *i"-in "-e gra;-9
Z' &a1&u1a"e "-e ann'"a"i'ns dis"an&e /e"*een a s'ur&e n'des s
and "arge" t7 *e de5ine "-e 5'11'*ing 5un&"i'nM

!!"#$"" (%,&) ! $' ! degree(%) ! degree(&)

Z-us *-en na.iga"ing "-e gra;- *i"- a /es"?5irs" sear&- *e *i11
a1*a4s \udge "-e uneB;1'red n'de *i"- "-e -ig-es" degree "' /e
&1'ses" "' "-e "arge" n'de IFL9 A-i1e sim;1e "' &'ns"ru&" and s"'re
C]CnE 5'r /'"- "ime and s;a&e &'m;1eBi"4E7 "-e JcVWcc D!8 d'es
n'" ;er5'rm *e11 in ;ra&"i&e7 as *e s-'* in !e&"i'n N9

L>R PA@5SA%:#

ere.i'us *'r, in ne"*'r, ;a"- 5inding -as u"i1i@ed a s4s"em '5
net$or' land6ar's "' e55i&ien"14 na.iga"e gra;- s"ru&"ure INLIFaL9
Ai"- "-is "e&-ni=ue7 *e rand'm14 designa"e a sma11 num/er '5
n'des in "-e ne"*'r, "' ser.e as na.iga"i'na1 /ea&'ns9 Z-en7 *e
ann'"a"e n'des in "-e gra;- /4 51''ding 'u" 5r'm ea&- 1andmar,
and re&'rding "-e gra;- dis"an&e "' ea&- n'de in "-e ne"*'r,9 Z-e
resu1"ing ann'"a"i'n 5'r ea&- n'de is a .e&"'r '5 gra;- dis"an&es7
*i"- ea&- 1andmar, *e designa"e de5ining an inde;enden" ann'"a?
"i'n Pdimensi'n9S Kn i11us"ra"i'n '5 "-is "4;e '5 ann'"a"i'n is
s-'*n in [igure G9

Ci*1re LD A PA@5SA%: @#? '//ot'te. /o0e. <itE 0i.t'/4e. to

8'/09'rT /o0e. JEereU /o0e "K> N'4E '00itio/'8 8'/09'rT

proFi0e. ' .ep'r'te V0i9e/.io/W oG '//ot'tio/.>

Z-e dis"an&e measure D is de5ined as 5'11'*sM

D
"andmark

!s,*# !MIN
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d!s,l# " d!l,*## $

A-ere d is "-e se" '5 1andmar, n'des7 and dCE is "-e eBa&" s-'r"?
es"?;a"- dis"an&e /e"*een n'des9 bn5'r"una"e147 "-is s"ra"eg4 ;er?
5'rms ra"-er ;''r14 in ;ra&"i&e9 Oan4 '5 "'da4^s Psma11?*'r1dS
da"a se"s are &-ara&"eri@ed /4 sma11 diame"ers due "' "-e eBis"en&e
'5 Ps-'r" &u"S 1in,s in "-e gra;- IFFLIGiL9 Ks a resu1"7 a 5'und ;a"-
"-a" ;asses "-r'ug- a 1andmar, '5"en 5'rms "*' sides '5 a "riang1e7
resu1"ing in ar"i5i&ia114 1'ng ;a"-s9



L>X YA@N#

Z-e j]Dc D!8 u"i1i@es mu1"i;1e dimensi'ns7 *-ere ea&- dimen?
si'n di.ides "-e gra;- in"' regi'ns "-a" are &'n"igu'us7 mu"ua114
eB&1usi.e7 and &'11e&"i.e14 eB-aus"i.e Csee [igure N 5'r an eBam?
;1eE9 ca&- dimensi'n is ana1'g'us "' "-e *a4 "-a" a s"a"e in "-e
b9!9 is di.ided in"' &'un"ies 'r .'"ing ;re&in&"s9 Ks "-e num/er '5
dimensi'ns gr'*s7 ea&- n'de /e&'mes dis"inguis-a/1e 5r'm '"-er
n'des /ased 'n i"s @'ne mem/ers-i;s9

Ci*1re RD A YA@N @#? 0iFi0e. tEe .et oG /o0e. i/to 0i.3oi/t

re*io/. J'//ot'te0 Eere <itE ' 1U LU or RK> YA@N @#?. t;pi4'88;

1.e 918tip8eU i/0epe/0e/t8; 0eriFe0 Zo/e 0e.i*/'tio/.[ tEi.

eH'9p8e 0epi4t. o/8; o/e 0i9e/.io/>

Ae eB;1'red se.era1 me"-'ds 5'r &rea"ing ea&- dimensi'n '5 a
j]Dc D!89 Z*' ,e4 &ri"eria 5'r se1e&"ing a me"-'d are i"s a/i1i"4
"' genera"e dimensi'ns "-a" CFE are s"a"is"i&a114 inde;enden" and
CGE &'n"ain @'nes '5 r'ug-14 e=ua1 si@e9 Z' a 5irs" a;;r'Bima"i'n7
inde;enden" dimensi'ns are m're use5u1 5'r indeBing "-an &'rre?
1a"ed dimensi'ns and e=ua1?si@e @'nes in a dimensi'n &'n"ain "-e
m's" in5'rma"i'n9 >'*e.er7 genera"ing dimensi'ns "-a" mee" /'"-
&ri"eria &an /e &-a11enging in gra;-s *i"- a -ig-14 .arian" degree
dis"ri/u"i'n9

Z-e m's" e55e&"i.e me"-'d *e dis&'.ered 5'r &rea"ing dimensi'ns
is a &'m;e"i"i.e 51''ding a1g'ri"-m "-a" is /'"- in&remen"a1 and
rand'mi@ed9 Z-e a1g'ri"-m *'r,s as 5'11'*sM

F9 Wand'm14 se1e&" ' seed nodes7 assign "-em @'ne 1a/e1s F
"-r'ug- '7 and ;1a&e "-em in "-e la7eled se" 89

G9 e1a&e a11 '"-er n'des in "-e unla7eled se" 99
N9 A-i1e 9 is n'" em;"4

a9 Wand'm14 se1e&" a n'de l 5r'm "-e 1a/e1ed se"7 and 'ne
'5 i"s un1a/e1ed neig-/'rs u9

/9 Kssign u "' "-e same @'ne as l and m'.e i" "' "-e 1a?
/e1ed se" 89

Z-is en"ire ;r'&ess is re;ea"ed d "imes7 ;r'.iding us *i"- d se"s '5
@'nes9 Z-us ea&- n'de is ann'"a"ed *i"- a d?dimensi'na1 .e&"'r '5
@'ne 1a/e1s9 Z-e ann'"a"i'n dis"an&e /e"*een "*' @'ne .e&"'rs is
de5ined as "-e num/er '5 ;air?*ise ma"&-es9

D"one !s"t# !$!
$ if %&'(* !s# ! %&'(* !t#"

) other-ise

!
!
!*

! *

K ,e4 &-ara&"eris"i& '5 "-is a1g'ri"-m is "-a" i" 1a/e1s 'n14 a sing1e
un1a/e1ed neig-/'r '5 ea&- 1a/e1ed n'de a" ea&- s"e;9 da/e1ing a11
neig-/'rs &rea"es @'nes '5 une=ua1 si@e resu1"ing in dimensi'ns
"-a" "end "' /e -ig-14 &'rre1a"ed9 da/e1ing 'n14 a sing1e neig-/'r
&rea"es @'nes '5 near14 e=ua1 si@e and redu&es &'rre1a"i'n am'ng
dimensi'ns9

Z-e "ime &'m;1eBi"4 '5 "-e ann'"a"i'n ;r'&ess is ]CedE7 *-ere e is
"-e num/er '5 edges g0g in "-e gra;- and d is "-e num/er '5 inde?
;enden" gra;- 1a/e1ings 'r dimensi'ns in ann'"a"i'n s;a&e9 !"'r?
ing "-e @'ne 5'r ea&- n'de and dimensi'n "a,es ]CndE s;a&e9 Z-e
sa.ings '.er "-e Ke!e eBam;1e a/'.e are signi5i&an" in /'"- re?
gards9

L>\ 5?#$A@&N $A YA@N

Z-e J8!ZKD:c Z] j]Dc CJZjE ann'"a"i'n s&-eme is a -4/rid a;?
;r'a&- "-a" &'m/ines "-e dKDJOKWQ and j]Dc s"ra"egies9 Z-e
ann'"a"i'n ;r'&edure CFE di.ides "-e gra;- in"' @'nes using "-e
51''ding a1g'ri"-m des&ri/ed in a/'.ek and CGE 5'r ea&- n'de u
and @'ne :7 &a1&u1a"es d"@Cu7 :EM "-e dis"an&e 5r'm u "' "-e &1'ses"
n'de in :9

Ci*1re XD A 5$Y @#? 1.e. 2otE Zo/e. '/0 0i.t'/4e to Zo/e. '.

'//ot'tio/.> Mere <e .ee '/ eH'9p8e Gor ' .i/*8e 0i9e/.io/

<itE tEree Zo/e.>

8n [igure i7 n'de K -as @'ne dis"an&es '5 F7 U7 and G 5'r "-e *-i"e7
1ig-" gra47 and dar, gra4 @'nes res;e&"i.e147 *-i1e n'de J -as
dis"an&es '5 F7 F7 and U9 Ks *i"- "-e j]Dc m'de17 *e re;ea" "-e
en"ire ;r'&ess d "imes "' ;r'du&e se.era1 dimensi'ns '5 ann'"a"i'n
s;a&e7 and sum '.er a11 dimensi'ns "' &a1&u1a"e ann'"a"i'n dis?
"an&e9 Z-e ann'"a"i'n dis"an&e /e"*een n'des s and t is de5ined
asM

!
!"#
!s"t# ! $%&

&
!s" &'()!t## " $%&

&
!t" &'()!s##

&

!

D'"e "-a" "-e .a1ues '5 d"@Cs7 @'neCtEE and d"@Ct7 @'neCsEE ma4
di55er7 as "-e rand'm 51''ding ;r'&ess d'es n'" ;r'du&e s4mme"?
ri& dis"an&es /e"*een n'des and @'nes9 ['r "-e 'ne?dimensi'na1
&ase in [igure i7 "-e "'"a1 dis"an&e?"'?@'ne .a1ue 5'r "-e ;air Cc7 [E
is d"@Cc7 dar' gra<E ` d"@C[7 light gra<E f F ` G f N9

Z-e resu1"ing se" '5 n'de ann'"a"i'ns "a,es u; ]Cn'dE s;a&e9 :a1?
&u1a"ing "-e dis"an&e '5 ea&- n'de 5r'm a sing1e @'ne re=uires an
]CeE 51''d7 resu1"ing in a "'"a1 "ime &'m;1eBi"4 '5 ]Ce'dE9 D'"e
"-a" 5'r 1arge .a1ues '5 ' and d7 "-e s;a&e and "ime re=uiremen"s
&an eB&eed "-e ]CnGE and ]CnNE s;a&e and "ime needed 5'r "-e
Ke!e indeB9 8n ;ra&"i&e7 -'*e.er7 *e &an 5ind near?';"ima1 ;a"-s
in .er4 1arge gra;-s *i"- re1a"i.e14 sma11 num/ers '5 @'nes and
dimensi'ns9

R> #NA%&M PN%CA%SA@&N

Ae measure "-e ';"ima1i"4 '5 "-e 1eng"-s '5 "-e ;a"-s 5'und /4 a
;ar"i&u1ar D!8 /4 "-e >ath?length ratio PM

! ! "#$
$!1

%

! "o$
$!1

%

!



A-ere >f and >o are "-e 1eng"-s '5 "-e 5'und and ';"ima1 ;a"-s 5'r
r rand'm14 se1e&"ed ;airs '5 n'des in "-e gra;-9 Kn D!8 "-a" 5inds
';"ima1 ;a"-s Csu&- as Ke!eE *i11 -a.e P f F9U7 *-i1e a ;''r14
;er5'rming D!8 *i11 ;r'du&e a .a1ue '5 P ll F9U9 Z-is measure
*eig-"s "-e &'n"ri/u"i'n '5 1'ng ;a"-s m're "-an s-'r" 'nes7 /u"
s-'r"?"'?medium?1eng"- ;a"-s are mu&- m're 5re=uen" in a11 "-e
gra;-s *e e.a1ua"e9 85 "ra.ersa1 "ime is ;r';'r"i'na1 "' ;a"- 1eng"-
and ;a"-s /e"*een a11 ;airs '5 n'des are e=ua114 1i,e14 "' /e re?
=ues"ed7 "-en P is an un/iased es"ima"'r '5 '.era11 ;er5'rman&e9

Z-e m's" im;'r"an" /ene5i" '5 using an D!8 5'r ;a"- 5inding is "-e
de&rease in sear&- &'m;1eBi"4 5'r a;;1i&a"i'ns "-a" re14 'n 5inding
;a"-s9 bn1ess *e &an drama"i&a114 in&rease sear&- ;er5'rman&e7 i"
is di55i&u1" "' \us"i54 "-e &'m;u"a"i'na1 and s"'rage &'s"s '5 /ui1d?
ing "-e indeB9 Z' measure "-is ;er5'rman&e gain7 *e de5ine "-e
e->loration ratio 0M

! ! e fi
i!1

r

! ebi
i!1

r

!

A-ere ef is "-e num/er '5 n'des eB;1'red /4 /es"?5irs" sear&-
using 'ur s"ru&"ure indeB7 and e7 is "-e num/er '5 n'des "-a" are
eB;1'red using a /idire&"i'na1 /read"-?5irs" sear&- 5'r r ;airs '5
n'des9 >ere7 .a1ues &1'se "' @er' re51e&" ;arsim'ni'us sear&- ;er?
5'rman&e7 and .a1ues grea"er "-an F9U indi&a"e ;a"-'1'gi&a114 ;''r
sear&- ;er5'rman&e9

Ae e.a1ua"e "-e D!8s 5r'm !e&"i'n G 'n s4n"-e"i& gra;-s '5
FU7UUU n'des genera"ed using "-ree m'de1sM rand'm ne"*'r,s as
de5ined /4 crd! s and Wmn4i ITL7 re*ired 1a""i&es de5ined /4 Aa""s
and !"r'ga"@ IGiL7 and "-e ['res" [ire gra;- m'de1 re&en"14 in"r'?
du&ed /4 des,'.i& IFiL9 C!ee K;;endiB K 5'r m're de"ai1 'n "-e
ne"*'r, genera"i'n ;r'&edures9E 8n [igure T7 *e &'m;are "-e
;er5'rman&e '5 JcVWcc7 dKDJOKWQ7 j]Dc7 and JZj *-en im;1e?
men"ed *i"- in&reasing num/ers '5 dimensi'ns9 !in&e "-e Ke!e
indeB *i11 a1*a4s /e-a.e ';"ima1147 *e 'mi" "-e resu1"s 5r'm "-e
5igures9

!e.era1 5ea"ures '5 "-e ;1'"s s-'*n are immedia"e14 a;;aren"9
Re&ause degree?/ased ann'"a"i'ns 'n14 &'nsis" '5 a sing1e s"a"i&
.a1ue7 adding addi"i'na1 dimensi'ns is redundan" and ;er5'rman&e
d'es n'" &-ange a&r'ss dimensi'ns in "-e ;1'"s s-'*n -ere9 Jc?
VWcc a1s' ;er5'rms ;''r14 'n 1a""i&e ne"*'r,s7 *-ere degree ;r'?
.ides n' use5u1 na.iga"i'n in5'rma"i'n9

!'me me"-'ds Ce9g97 JcVWcc and dKDJOKWQE -a.e una&&e;"a/14
-ig- eB;1'ra"i'n ra"i's<eB;1'ring man4 "imes m're n'des "-an
sim;1e /read"-?5irs" sear&-<e.en *-en "-e4 eB-i/i" a&&e;"a/1e
;a"- ra"i' ;er5'rman&e9 Z-is e55e&" is due "' "-e use '5 /es"?5irs"
sear&- *-ere "-e sear&- a1g'ri"-m eB;ands n'des 'rdered /4 an?
n'"a"i'n dis"an&e ra"-er "-an /4 "-e ;a"- dis"an&e 5r'm "-e s'ur&e
n'de9

Ci*1re \D P'tEI8e/*tE r'tio '/0 eHp8or'tio/ r'tio oG .eFer'8 @#?. o/ tEree 4'/o/i4'8 /et<orT t;pe. '. tEe 0i9e/.io/'8it; oG tEe i/I

0i4e. 4E'/*e.> $Ee YA@N '/0 5$Y @#?. 1ti8iZe \] re*io/. per 0i9e/.io/> %e.18t. <ere 'Fer'*e0 oFer 918tip8e .;/tEeti4'88; *e/erI

'te0 /et<orT. oG LU]]] /o0e.>



Z-e JZj indeB ;er5'rms &'nsis"en"14 /es" a&r'ss a11 ne"*'r, "4;es9
Z-is is n'" sur;rising7 gi.en "-a" JZj &'m/ines a11 "-e 1'&a1 in5'r?
ma"i'n a.ai1a/1e "' j]Dc7 as *e11 as g1'/a1 gradien" in5'rma"i'n
a,in "' dKDJOKWQ9 Ai"- FU dimensi'ns and TU @'nes7 "-is
am'un"s "' TUU 1andmar,s *i"- *-i&- "' na.iga"e9

$'28e 1D $i9e '/0 .p'4e 4o9p8eHit; oG 0iGGere/t /et<orT

.tr14t1re i/0i4e.>

@#? $i9e #p'4e

Ke!e n ]CnNE ]CnGE

JcVWcc ]CnE ]CnE

dKDJOKWQ ]CedE ]CndE

j]Dc ]CedE ]CndE

JZj ]Ce'dE ]Cn'dE

>'*e.er7 "-e j]Dc and JZj ann'"a"i'n s&-emes -a.e "*' ;a?
rame"ersM "-e num/er '5 @'nes "' use '7 and "-e num/er '5 dimen?
si'ns d9 8n&reasing ea&- ne.er -ur"s in "erms '5 ;er5'rman&ek
-'*e.er7 m're @'nes and -ig-er dimensi'ns "a,e 1'nger "' /ui1d
and m're s;a&e "' s"'re9 Z-e s;a&e and "ime &'m;1eBi"4 '5 ea&-
ann'"a"i'n s&-eme is summari@ed in Za/1e F9 We&a11 "-a" "-e j]Dc
s&-eme re=uires 'n14 ]CndE s;a&e7 &'m;ared "' ]Cn'dE 5'r JZj9
Vi.en "-e addi"i'na1 in5'rma"i'n /eing s"'red /4 JZj7 *e eB;e&"
5'r i" "' 'u";er5'rm a j]Dc indeB *i"- an e=ui.a1en" dimensi'na1?
i"4 and num/er '5 regi'ns9

Ci*1re ^D P'tE r'tio. Gor YA@N '/0 5$Y o/ r'/0o9 '/0 Core.t

Cire /et<orT. Gor e_1iF'8e/t8; .iZe0 .et. oG '//ot'tio/.> ?/ tEe

YA@N p8ot.U /192er oG 0i9e/.io/. i. 8'2e8e0 o/ ' *eo9etri4

.4'8e J'. ' 918tip8e oG tEe /192er oG Zo/e.K i/ or0er to 9'Te '

G'ir 4o9p'ri.o/ <itE 5$Y>

8n 'rder "' dire&"14 &'m;are "-e "*' D!8s7 *e &an in&rease "-e
num/er '5 dimensi'ns '5 j]Dc s' "-a" i"s "'"a1 s;a&e re=uiremen"s
e=ua1 "-a" '5 JZj9 Z-e resu1"s are s-'*n in [igure a9 j]Dc and
JZj '55er r'ug-14 e=ui.a1en" ;er5'rman&e 'n&e "-eir ann'"a"i'ns
are a11'*ed "' 5i11 e=ua1 am'un"s '5 mem'r49 [ur"-er7 "-e resu1"s
seem "' .ar4 s1ig-"14 a&r'ss gra;- "4;es7 *i"- j]Dc ;er5'rming a
/i" /e""er 'n rand'm gra;-s and a /i" *'rse 'n ['res" [ire gra;-s9
Ks men"i'ned ;re.i'us147 "-e ,e4 "' using "-e D!8 e55e&"i.e14 is
"' de"ermine "-e si@e and "4;e '5 "-e indeB "' /ui1d7 /a1an&ing
&'m;1eBi"4 and ;er5'rman&e9

Ci*1re `D P'tE '/0 eHp8or'tio/ r'tio. Gor ' 5$Y 1.e0 o/ re'8

0't'>

[igure h de;i&"s "-e ;er5'rman&e &-ara&"eris"i&s '5 "-e JZj indeB
'n "*' rea1 da"ase"sM "-e WeBa &i"a"i'n gra;- and "-e 8OJ/ a&"'r
gra;- CFaT, n'des o NGF, edges and FU, n'des o aGH, edges7 re?
s;e&"i.e14k see K;;endiB KE9 Z-e resu1"s dem'ns"ra"e "-e r'/us"?
ness '5 "-e JZj "e&-ni=ue9 Z-e WeBa da"ase" is a re1a"i.e14 1arge7
s;arse14 &'nne&"ed gra;-7 *i"- ea&- n'de -a.ing an a.erage de?
gree '5 F9_T9 Z-e 8OJ/ da"a se" is r'ug-14 "*en"4 "imes sma11er
in "erms '5 n'des7 /u" -as an a.erage degree '5 aG9H9 :'nsidered
"'ge"-er7 "-ese "*' da"a se"s re;resen" a *ide range '5 ne"*'r,
s"ru&"ures9 8n /'"- &ases7 "-e JZj D!8 a;;r'a&-es ';"ima1 ;a"-
1eng"-s *i"- .er4 5e* ann'"a"i'n dimensi'ns9 [ur"-erm're7 "-e
/es"?5irs" sear&-es ;er5'rmed *i"- "-e indi&es are "*' 'rders '5
magni"ude m're e55i&ien" "-an sim;1e /read"-?5irs" sear&-9 Ks *e
s-'* in se&"i'n i7 "-is a11'*s us "' e55i&ien"14 &a1&u1a"e a num/er
'5 s"a"is"i&s 'n rea1 ne"*'r,s9

X> APPP?&A$?A@#

A-i1e -a.ing "-e a/i1i"4 "' e55i&ien"14 5ind a ;a"- "' Qe.in Ra&'n
in an a&"'r gra;- is &er"ain14 use5u1 in i"s '*n rig-"7 "-e rea1 u"i1i"4
'5 an D!8 /e&'mes a;;aren" *-en i" is in"egra"ed in"' an a1g'?



ri"-m "-a" re=uires e55i&ien" dis&'.er4 '5 s-'r" ;a"-s /e"*een se.?
era1 ;airs '5 n'des in "-e gra;-9

X>1 &o/.t'/t $i9e 5i.t'/4e N.ti9'tio/

Je;ending 'n "-e dis"an&e measure /eing em;1'4ed7 *e &an
s'me"imes use an D!8 "' dire&"14 es"ima"e "-e gra;- dis"an&e /e?
"*een an4 "*' n'des9 A-e"-er "-is is 5easi/1e de;ends 'n "-e
a/i1i"4 '5 'ur ann'"a"i'n dis"an&e measure "' ;r'.ide g1'/a1 ra"-er
"-an 1'&a1 in5'rma"i'n9 [igure H s-'*s *e s&a""er;1'"s '5 &a1&u?
1a"ed ann'"a"i'n dis"an&e .ersus a&"ua1 gra;- dis"an&e 5'r "-e j]Dc
and JZj ann'"a"i'n s&-emes9 8n "-e &ase '5 j]Dc7 e.en a" s-'r"
;a"- 1eng"-s "-e ann'"a"i'n dis"an&es are -ig-14 .aria/1e9 Z-'ug-
in ;ra&"i&e "-ese .a1ues are '5"en g''d en'ug- "' ;r'.ide e55e&"i.e
1'&a1 in5'rma"i'n 5'r sear&- na.iga"i'n7 "-e4 are n'" g''d es"ima?
"'rs '5 a&"ua1 gra;- dis"an&e9 Z-e ;1'" 5'r JZj7 -'*e.er7 eB-i/i"s a
&1ear 1inear re1a"i'ns-i; /e"*een ann'"a"i'n dis"an&e and gra;-
dis"an&e9 Ks a resu1"7 *e &an a&&ura"e14 gauge "-e re1a"i.e dis"an&e
/e"*een di55eren" ;airs '5 n'des using "-e ann'"a"i'n dis"an&e9

Ci*1re aD #4'tterp8ot. oG tEe re8'tio/.Eip 2et<ee/ '//ot'tio/

0i.t'/4e '/0 '4t1'8 *r'pE 0i.t'/4e Gor YA@N JtopK '/0 5$Y

J2otto9K o/ tEe %eH' 4it'tio/ /et<orT>

85 ne&essar47 *e &an use JZj ann'"a"i'n dis"an&e "' es"ima"e a&?
"ua1 gra;- dis"an&es *i"- "-e 5'11'*ing ;r'&edureM CFE ann'"a"e "-e
gra;- as des&ri/ed 5'r JZj in !e&"i'n G9i7 CGE rand'm14 sam;1e >
;airs '5 n'des in "-e gra;- and ;er5'rm /read"-?5irs" sear&- "'
'/"ain "-eir eBa&" gra;- dis"an&e7 and CNE use 1inear regressi'n "'
'/"ain an e=ua"i'n 5'r es"ima"ed dis"an&eM

!d(!, #) ! m !DDT' (!, #) " (

Je;ending 'n "-e s"ru&"ure '5 "-e gra;-7 s"e; G ma4 /e in"ra&"a/1e
5'r s'me ;airs '5 n'des9 >'*e.er7 sin&e *e^re iden"i54ing a
s"ri&"14 1inear re1a"i'ns-i;7 *e &an "ermina"e 'ur /read"-?5irs"
sear&- a5"er eBamining ;a"-s '5 1eng"-s grea"er "-an 5'ur 'r 5i.e
and s"i11 ;r'du&e re1ia/1e regressi'n resu1"s9

!im;1e dis"an&es &an /e used "' ;r'du&e a *ide .arie"4 '5 a""ri/?
u"es 'n n'des7 and "-ese a""ri/u"es7 in "urn7 &an /e used /4 da"a
mining a1g'ri"-ms "-a" ana14@e gra;-s I_LIFTL9 ['r ins"an&e7 a
sim;1e dis"an&e 5un&"i'n &an /e used "' 1a/e1 n'des *i"- "-eir
dis"an&e "' a ;ar"i&u1ar n'de in a gra;- Ce9g97 -'* &1'se is ea&-
a&"'r "' Qe.in Ra&'npE9 Kddi"i'na1147 a dis"an&e 5un&"i'n &an /e
used "' 1a/e1 n'des *i"- "-e minimum 'r maBimum dis"an&e "'
'ne '5 a se" '5 designa"ed n'des Ce9g97 -'* &1'se is ea&- a&"'r "'
an K&adem4 K*ard *innerpE9 A-i1e su&- &a1&u1a"i'ns &an /e
made *i"- an4 me"-'d 5'r 5inding s-'r" ;a"-s7 in&1uding /read"-?
5irs" sear&-7 'n14 an e55i&ien" dis"an&e 5un&"i'n7 su&- as "-e 'ne
;r'.ided /4 an D!87 ma,es su&- &a1&u1a"i'ns 5easi/1e 5'r 1arge
gra;-s9

X>L &8o.e/e.. &e/tr'8it;

:en"ra1i"4 measures su&- as /e"*eenness &en"ra1i"4 and &1'seness
&en"ra1i"4 IHL are &ru&ia1 "' "-e s"ud4 '5 s'&ia1 ne"*'r, d4nami&s9
bn5'r"una"e147 e.en "-eir a;;r'Bima"e &a1&u1a"i'n in.'1.es 5ind?
ing "-e s-'r"es" ;a"- /e"*een man4 ;airs '5 n'des9 Ks a resu1"7
a&&ura"e es"ima"es '5 "-ese measures are '5"en im;'ssi/1e "' &a1?
&u1a"e e55i&ien"14 5'r 1arge da"a se"s9 >'*e.er7 /4 using an D!8 5'r
;a"- 5inding7 *e &an es"ima"e "-ese measures e55i&ien"149

:1'seness &en"ra1i"47 'r B7 measures "-e ;r'Bimi"4 '5 a gi.en n'de
in a ne"*'r, "' e.er4 '"-er n'de9

!(a) ! d(a,#
i
)

i

!

Z' es"ima"e B7 *e &an &a1&u1a"e "-e a.erage '5 gra;- dis"an&e "' a
sam;1e '5 n'des in 'ur da"a se"9 Wa"-er "-an using C;'ssi/14 in?
"ra&"a/1eE /read"-?5irs" sear&-7 *e use D!8?/ased na.iga"i'n "'
dis&'.er "-e dis"an&e /e"*een "-ese sam;1ed ;airs9 !in&e "-e ;a"-
1eng"-s 5'und *i"- "-e s"ru&"ure indeB are a1*a4s grea"er "-an 'r
e=ua1 "' "-e ';"ima1 s-'r"es" ;a"- 1eng"-s7 'ur es"ima"e '5 B *i11
/e &'nsis"en"14 u;*ard14 /iased9 >'*e.er7 in m's" a;;1i&a"i'ns7
"-e a&"ua1 .a1ue '5 B 5'r a ;ar"i&u1ar n'de is meaning1ess in and '5
i"se15k ra"-er7 i" is "-e .a1ue '5 B re1a"i.e "' "-e &'rres;'nding
.a1ues 5'r '"-er n'des in "-e ne"*'r, "-a" is '5 im;'r"an&e9

Zradi"i'na1147 "-e =ua1i"4 '5 a ran, 'rdering is e.a1ua"ed using a
;ermu"a"i'n "es" 'n !;earman^s ! s"a"is"i& 'r Qenda11^s !9 >'*?
e.er7 sin&e 'ur sam;1e si@e is re1a"i.e14 1arge C"-'usands '5
n'desE7 an4 reas'na/14 &'rre&" 'rdering is g'ing "' a;;ear signi5i?
&an" *-en &'m;ared "' "-e rand'm ran,ings '5 a ;ermu"a"i'n "es"9
8ns"ead7 *e ;resen" s&a""er;1'"s '5 a&"ua1 .ersus a;;r'Bima"ed
&1'seness ran,ings '/"ained *i"- a JZj D!8 in [igure _9 D'"e "-a"
e.en "-e PeBa&"S B .a1ues used -ere are a&"ua114 es"ima"es7 as "-e4
are '/"ained "-r'ug- sam;1ing9 Ks &an /e seen 5r'm "-e 5igure7
using ;a"- 1eng"-s dis&'.ered "-r'ug- D!8 na.iga"i'n ;r'.ides
-ig-14 a&&ura"e es"ima"es9

Z' e.a1ua"e "-e u"i1i"4 '5 "-e dis"an&e es"ima"es '/"ained 5r'm "-e
a;;r'Bima"ed dis"an&e 5r'm !e&"i'n i9F7 *e re;ea" "-e eB;eri?
men"s 5'r es"ima"ing &1'seness &en"ra1i"47 using ;a"- 1eng"-s &a1?
&u1a"ed 5r'm "-e 1inear e=ua"i'n ra"-er "-an 'nes 5'und "-r'ug-
sear&-ing9 Z-e resu1"s &an /e seen in "-e s&a""er;1'"s in [igure FU9
A-i1e "-e resu1"s are n'" as a&&ura"e7 "-e dis"an&e 5un&"i'n &an /e



&a1&u1a"ed in &'ns"an" "ime7 *-i&- in ;ra&"i&e a11'*s 5'r man4
m're ;airs "' /e sam;1ed *-en ma,ing es"ima"es9

Ci*1re bD &8o.e/e.. 'pproHi9'tio/ r'/Ti/* 4o9p'ri.o/. Gor

e.ti9'tio/. 9'0e <itE 1]] JtopK '/0 \]]] J2otto9K .'9p8e0

p'ir.>

Z-e 1is" in Za/1e G s-'*s a&"'rs dra*n 5r'm "-e da"a and ran,ed
/4 &1'seness &en"ra1i"49 Ks 'u"1ined in K;;endiB K7 "-e da"a are
dra*n 5r'm m'.ies made /e"*een F_hU and F___ 1is"ed in "-e
8n"erne" O'.ie Ja"a/ase9 Qe.in Ra&'n d'es n'" "'; "-e 1is"7
"-'ug- -e s"i11 ran,s TTi"- 'u" '5 '.er "en "-'usand a&"'rs9 Z-e
m's" -ig-14 ran,ed a&"'r /4 'ur es"ima"e '5 &1'seness &en"ra1i"4 is
Oar"in !-een7 a ;';u1ar a&"'r *i"- '.er "-ree de&ades '5 eB;eri?
en&e9 Juring "-e ;eri'd &'.ered /4 'ur da"a7 !-een a;;eared in
'.er FTU 5i1ms and "e1e.isi'n s-'*s in a remar,a/14 *ide .arie"4
'5 genres7 in&1uding drama CCadlands7 1>ocal<>se Do$7 The Fest
FingE7 &'med4 CThe 2i6>sonsE7 s&ien&e 5i&"i'n CCa7<lon GH7
"-ri11er C/o<age of TerrorE7 and -'rr'r CTales fro6 the Br<>tE9 Z-e
'"-er "';?ran,ed a&"'rs -a.e simi1ar 1'ng &areers *i"- di.erse
r'1es "-a" -a.e ;aired "-em *i"- a *ide .arie"4 '5 a&"'rs9

$'28e L> ?S52 '4tor. r'/Te0 2; 'pproHi9'te0 48o.e/e.. 4e/I

tr'8it;>

F9 Oar"in !-een
G9 Oi&-ae1 q'r,
N9 Xrrgen er'&-n'*
i9 !e4m'ur :asse1
T9 Z&-m,4 Qar4'
a9 Oa1&'m O&J'*e11
h9 >ar.e4 Qei"e1
H9 Ja.id Aarner
_9 W'/er" JeDir'
FU9 Ren Qings1e4

FF9 bd' Qier
FG9 :-ris"';-er e1ummer
FN9 Oar"in dandau
Fi9 Wi&-ard Wie-1e
FT9 Xames car1 X'nes
Fa9 Rri'n Xames
Fh9 ee"er :'4'"e
FH9 [9 Ourra4 K/ra-am
F_9 A-'';i V'1d/erg
GU9 !amue1 d9 Xa&,s'n

Ci*1re 1]D V#e'r4E8e..W 48o.e/e.. e.ti9'te r'/Ti/* 4o9p'riI

.o/ Gor 'pproHi9'tio/. 0eriFe0 Gro9 1]] J'2oFeK '/0 \]]]

J2e8o<K .'9p8e0 p'ir.>

Ks *i"- sim;1e dis"an&e7 a measure '5 &en"ra1i"4 &an /e used "'
;r'du&e a""ri/u"es 'n n'des "-a" ma4 /e use5u1 "' ,n'*1edge dis?
&'.er4 a1g'ri"-ms9 8n ;ar"i&u1ar7 measures '5 &1'seness &en"ra1i"4
&an /e used "' de"ermine "-e &1'seness '5 e.er4 n'de "' a &'11e&?
"i'n '5 ,e4 n'des Ce9g97 &1'seness "' a11 *inners '5 K&adem4
K*ards 5'r /es" a&"'r in "-e ;as" FU 4earsE9 :1'seness &an a1s' /e
&a1&u1a"ed 5'r m're res"ri&"ed &'mmuni"ies9 ['r eBam;1e7 &1us"er?
ing &an /e used "' re.ea1 &'mmuni"ies *i"-in "-e gra;-7 *-i&- in



"urn &an /e used "' &'ns"rain &1'seness &a1&u1a"i'ns 5'r "-eir
mem/ers9 Z-is &an ;r'du&e a""ri/u"es "-a" measure a 5'rm '5 1'?
&a1i@ed &1'seness &en"ra1i"4 Ce9g97 &1'seness ran, '5 an a&"'r *i"-in
-is 'r -er P-'meS m'.ie indus"r4E9 [ina1147 "-ere is n' reas'n "'
ad-ere s"ri&"14 "' "-e &'n.en"i'na1 de5ini"i'n '5 &1'seness9 ['r
eBam;1e7 *e &an *eig-" &1'seness /ased 'n "-e a""ri/u"es '5 "-e
'u"14ing n'des Ce9g97 &1'seness "' *inners '5 K&adem4 K*ards
*eig-"ed /4 re&en&4 '5 a*ardE9 Ks *i"- sim;1e dis"an&e7 "-ese
a""ri/u"es -a.e a1*a4s /een a.ai1a/1e7 /u" an D!8 ma,es "-em
"ra&"a/1e 5'r 1arge gra;-s9

X>R "et<ee//e.. &e/tr'8it;

Re"*eenness &en"ra1i"47 'r C7 is a se&'nd measure '5 ne"*'r,
Pim;'r"an&e9S Z-e /e"*eenness '5 a n'de measures "-e num/er
'5 s-'r" ;a"-s 'n *-i&- a gi.en n'de 1ies IHLM

!!"" !
#" !#$ $"

#!#$ $"
#$

!  $ # ! $ ! "

A-ere gCiIJE is "-e num/er '5 s-'r"es" ge'desi& ;a"-s &'nne&"ing
n'des i and J7 and gaCiIJE is "-e num/er '5 "-ese ;a"-s "-a" ;ass
"-r'ug- n'de a9

Ci*1re 11D "et<ee//e.. r'/T. 4'8418'te0 <itE \]]] J'2oFeK

'/0 \]]]] J2e8o<K .'9p8e0 p'ir. oG /o0e. o/ ' /et<orT oG

1]]]] /o0e.>

!in&e i"s &a1&u1a"i'n re=uires ,n'*1edge '5 a&"ua1 ;a"-s ra"-er
"-an sim;1e ;a"- 1eng"-s7 in ;ra&"i&e i" is '5"en in"ra&"a/1e "' &a1&u?
1a"e eBa&"14 C"-e /es" ,n'*n a1g'ri"-m runs in ]Cen`nG1'gnE "ime
IGLE9 >'*e.er7 *e &an es"ima"e /e"*eenness using "-e ;a"-s iden?
"i5ied "-r'ug- D!8?/ased na.iga"i'n9 !imi1ar "' 'ur ;r'&edure 5'r
es"ima"ing &1'seness7 *e rand'm14 sam;1e ;airs '5 n'des and
dis&'.er "-e s-'r"es" ;a"- /e"*een "-em9 Ae "-en &'un" "-e num?
/er '5 "imes ea&- n'de in "-e gra;- a;;ears 'n 'ne '5 "-ese ;a"-s
"' '/"ain a /e"*eenness ran,ing9 Z-e resu1"s are de;i&"ed in
[igure FF9 >ere *e &'m;are ran,ings '5 n'des using 'ur /e?
"*eenness es"ima"e C'/"ained *i"- a JZj D!8E *i"- "-e eBa&"
measure Cn'" using sam;1es as *i"- "-e &1'seness eBam;1e a/'.eE9
Re&ause "-e sam;1ing ;r'&edure 5ai1s "' in&1ude a11 "-e s-'r" ;a"-s
in i"s &a1&u1a"i'n '5 /e"*eenness7 man4 n'des -a.e iden"i&a1 /e?
"*eenness s&'res7 5'rming "-e -'ri@'n"a1 1ines in "-e s&a""er ;1'"s9
c.en s'7 "-e ;1'" eB-i/i"s a &1ear re1a"i'ns-i; /e"*een "-e a&"ua1
and a;;r'Bima"ed .a1ues '5 /e"*eenness9

8n "-e a&"'r gra;-7 a -ig- /e"*eenness s&'re &an indi&a"e an a&?
"'r^s r'1e as a P/ridgeS /e"*een "*' &'mmuni"ies9 8n Za/1e N *e
-a.e "-e "'; GU a&"'rs as ran,ed /4 /e"*eenness &en"ra1i"49 W'n
Xerem47 "-e "'; s&'ring a&"'r 'n "-e 1is"7 is a ;r'1i5i& adu1" 5i1m
s"ar *-' -as re&en"14 &r'ssed '.er in"' mains"ream &inema9 !imi?
1ar147 Vmrard Je;ardieu and !"e11an !,arsgsrd 1in, 5'reign 5i1m
&'mmuni"ies C[ren&- and !*edis-7 res;e&"i.e14E "' >'114*''d9

$'28e R> $op t<e/t; ?S52 '4tor. '. r'/Te0 2; e.ti9'te0 2eI
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F9 W'n Xerem4
G9 bd' Qier
N9 Vmrard Je;ardieu
i9 !"e11an !,arsgsrd
T9 Oar"in !-een
a9 Z&-m,4 Qar4'
h9 8&e?Z
H9 Dina >ar"1e4
_9 Oi&-ae1 q'r,
FU9 OaB t'n !4d'*

FF9 Oa1&'m O&J'*e11
FG9 ]m euri
FN9 Vinger d4nn K11en
Fi9 Ren Qings1e4
FT9 Xrrgen er'&-n'*
Fa9 [m'd'r K",ine
Fh9 ee"er :'4'"e
FH9 Krmin Oue11er?!"a-1
F_9 >ar.e4 Qei"e1
GU9 X'a=uim Je K1meida

Ks *i"- sim;1e dis"an&e and &1'seness &en"ra1i"47 /e"*eenness
&en"ra1i"4 &an a1s' /e used "' &rea"e 5ea"ures 'n n'des "-a" are
use5u1 5'r da"a mining9 ['r eBam;1e7 *e &'u1d &a1&u1a"e /e"*een?
ness &en"ra1i"4 5'r ;ar"i&u1ar gr'u;s '5 n'des Ce9g97 a&"'rs "-a" si"
/e"*een *inners '5 K&adem4 K*ards 5'r /es" ;i&"ure and "-e
8OJ/^s PR'""'m FUU7S "-e *'rs" FUU m'.ies as .'"ed /4 users '5
"-e 8n"erne" O'.ie Ja"a/aseE9

\> %NPA$N5 cA%:

Q1ein/erg IFULIFFL dem'ns"ra"es "-e n'"i'n '5 simi1ari"4?/ased
na.iga"i'n in sma11?*'r1d ne"*'r,s9 >e dem'ns"ra"es -'* "-e
;resen&e '5 ne"*'r, -'m';-i14 &an ;r'.ide a gradien" "-a" guides
sear&- using 1'&a1 in5'rma"i'n9 Aa""s in.es"iga"ed a simi1ar a;?
;r'a&- /4 &'ns"ru&"ing a -ierar&-i&a1 m'de1 5r'm *-i&- "' deri.e
-'m';-i149IGNL 8n "-is ;a;er7 *e ;resen" me"-'ds 5'r &rea"ing
su&- -'m';-i14 in d'mains "-a" ma4 1a&, 1'&a1 in5'rma"i'n9 Ae
de"ai1 a num/er '5 *a4s in *-i&- "-is in5'rma"i'n &an /e '/"ained
5'r /'"- s4n"-e"i& and rea1 da"ase"s9

Ks des&ri/ed a/'.e7 "-e dKDJOKWQ D!8 designa"es se1e&" n'des
as 1andmar,s "' ;r'.ide dire&"i'na1 in5'rma"i'n 5'r na.iga"i'n9
Z-is a;;r'a&- -as /een s"udied /4 :-'* INL in &'n\un&"i'n *i"-
Ku sear&-7 sin&e an admissi/1e -euris"i& &an /e deri.ed 5r'm dis?
"an&es "' 1andmar,s9 A-i1e "-is s"ra"eg4 &an guaran"ee ';"ima1
;a"-s /4 em;1'4ing Ku7 a 1arge num/er '5 n'des mus" /e eB;1'red



"' dis&'.er "-ese ;a"-s9 Z-is is n'" idea1 i5 5as" dis&'.er4 '5 s-'r"
;a"-s is needed7 as in "-e &ase '5 a;;r'Bima"ing ne"*'r, s"a"is"i&s9
Ae s-'* "-a" "-e dKDJOKWQ a;;r'a&- is n'" e55e&"i.e *-en
&'m/ined *i"- a n'n?';"ima1 /es"?5irs" sear&- s"ra"eg49

Kn'"-er s"ra"eg47 de.e1';ed /4 Dg and j-ang IFaL7 uses a "e&-?
ni=ue &a11ed V1'/a1 De"*'r, e'si"i'ning CVDeE /ased 'n &'m;u"?
ing &''rdina"es '5 1andmar,s9 Z-is a;;r'a&- -as /een ad';"ed /4
"-e De"*'r,so8n"erne" &'mmuni"4 as a /asis 5'r de"ermining ne"?
*'r, 1a"en&4 /e"*een -'s"s 'n "-e 8n"erne"9 O's" '5 "-e 8n"erne"
&''rdina"e a;;r'a&-es a""em;" "' minimi@e ne"*'r, 1a"en&4
"-r'ug- eB"ensi'ns '5 VDe IGGLIF_LIFHL9 Q1ein/erg ;r'.ides a
"-e're"i&a1 ana14sis and 5rame*'r, '5 a11 /ea&'n?/ased s"ra"egies7
su&- as VDe and '"-ers IFGL9 Z-is m's"14 des&ri/es "-e e55e&"i.e?
ness '5 "riangu1a"i'n Cde"ermining ;'si"i'ns '5 un&er"ain n'desE in
/ea&'n?/ased a;;r'a&-es9

]"-er s"ra"egies in "-e 8n"erne" d'main -a.e a""em;"ed "' &rea"e
ne"*'r, '.er1a4 s"ru&"ures7 su&- as a rings?/ased a;;r'a&- "-a"
d'es n'" re14 'n se1e&"i'n '5 1andmar, n'des9IGaL Z-is &'n&e;"
-as re&en"14 /een eB;1'red "-e're"i&a114 as a "e&-ni=ue 5'r dis?
"an&e es"ima"i'n and neares" neig-/'r sear&-es /4 !1i.,ins IGUL
and Qrau"-gamer IFNL9 >'*e.er7 i" is un&1ear -'* a&&ura"e14 an4
'5 "-ese s"ra"egies ;er5'rm 'n d'mains '"-er "-an "-e 8n"erne" 'r
5'r "-e ;ur;'ses '5 a;;r'Bima"ing ne"*'r, s"a"is"i&s9 Kddi"i'na1147
'ur &urren" *'r, 5'&uses 'n undire&"ed7 un*eig-"ed gra;-s *i"-
"-e g'a1 '5 minimi@ing -'; &'un"7 n'" ne"*'r, 1a"en&49

^> &A@&PB#?A@#

Ae -a.e iden"i5ied se.era1 me"-'ds 5'r &rea"ing a ne"*'r, s"ru&?
"ure indeB9 Z*' '5 "-ese me"-'ds7 j]Dc and JZj7 a11'* e55i&ien"
and a&&ura"e es"ima"i'n '5 ;a"- 1eng"-s /e"*een ar/i"rar4 n'des in
a ne"*'r,9 bsing "-ese indi&es7 *e &an es"ima"e ;a"- 1eng"- /e?
"*een a ;air '5 n'des in &'ns"an" "ime7 and *e &an es"ima"e "-e
&1'seness &en"ra1i"4 '5 a gi.en n'de in "ime "-a" is 1inear in "-e
num/er '5 'u"14ing n'des9 8n addi"i'n7 *e -a.e s-'*n em;iri&a114
"-a" *e &an es"ima"e "-e /e"*eenness &en"ra1i"4 '5 a gi.en n'de /4
a&&essing 1ess "-an Tv '5 "-e n'des eB;1'red /4 /read"-?5irs"
sear&-9

!u&- e55i&ien" &a1&u1a"i'ns '5 ne"*'r, s"a"is"i&s ';en u; a ne*
range '5 ;'"en"ia1 a;;r'a&-es "' ,n'*1edge dis&'.er49 [irs"7 iden?
"i5i&a"i'n '5 s-'r" ;a"-s and &en"ra1 n'des are im;'r"an" "4;es '5
,n'*1edge dis&'.er4 5'r ne"*'r,s9 :1'seness &en"ra1i"4 &an dire&"
a""en"i'n "' "-e &'re '5 a ne"*'r,7 and /e"*eenness &en"ra1i"4 &an
-e1; iden"i54 ,e4 &'nne&"'rs '5 '"-er*ise se;ara"e &'mmuni"ies9
!e&'nd7 es"ima"es '5 "-ese measures &an su;;'r" "-e a;;1i&a"i'n '5
'"-er me"-'ds Ce9g97 \'in" s"a"is"i&a1 m'de1s su&- as ;r'/a/i1is"i&
re1a"i'na1 m'de1s I_L 'r re1a"i'na1 de;enden&4 ne"*'r,s IFTLE9
:en"ra1i"4 and '"-er ;a"-?/ased measures summari@e 1'&a1 s"ru&?
"ure in *a4s "-a" &an /e easi14 &'nsidered /4 1earning a1g'ri"-ms
5'r "-ese m'de1s9 Z-ird7 ;a"- 1eng"- and &en"ra1i"4 measures &an
/e ada;"ed "' ;r'du&e a *ide .arie"4 '5 m're 1'&a1 5ea"ures7 su&-
as dis"an&e "' ;ar"i&u1ar n'des7 &1'seness "' ;ar"i&u1ar &1asses '5
n'des7 and /e"*eenness 5'r "*' 'r m're su/se"s '5 n'des9

Jes;i"e 'ur su&&ess a" &rea"ing reas'na/14 e55i&ien" and a&&ura"e
D!8s7 *e -a.e n'" eB-aus"ed "-e s;a&e '5 ;'"en"ia1 s'1u"i'ns in
"-is genera1 &1ass '5 indi&es9 Ks *e 'u"1ined in !e&"i'n H7 a num?
/er '5 ;r'mising resu1"s in &'m;u"er ne"*'r,ing and "-e'r4 ;'in"
"'*ard addi"i'na1 "e&-ni=ues 5'r &'ns"ru&"ing D!8 ann'"a"i'ns7
and *e are a&"i.e14 in.es"iga"ing "-ese a1"erna"i.es9 8n addi"i'n7
*e are &'nsidering -'* "' e55i&ien"14 u;da"e D!8s *-en n'des
and 1in,s are added "' "-e ne"*'r, s' "-a" d4nami& gra;-s &an /e

su&&ess5u114 indeBed9 [ina1147 *e are in.es"iga"ing -'* "' a;;14
'ur '*n re&en" de.e1';men"s in ne"*'r, sear&-ing IGFL "' m're
e55e&"i.e14 use D!8 ann'"a"i'ns "' 5ind s-'r" ;a"-s9

Ae are a&"i.e14 eB;1'ring addi"i'na1 a;;1i&a"i'ns '5 ne"*'r,
s"ru&"ure indi&es9 Z*' '5 "-e m's" ;r'mising dire&"i'ns are 5ind?
ing &'nne&"i'n su/gra;-s and a;;r'Bima"ing neig-/'r-''d 5un&?
"i'ns9 [a1'u"s's and &'au"-'rs -a.e ;i'neered *'r, in "-is area /4
iden"i54ing e55i&ien" me"-'ds 5'r 5inding &'nne&"i'n su/gra;-s<
se"s '5 s-'r" ;a"-s /e"*een n'des<and 5'r a;;r'Bima"ing "-e si@e
'5 "-e neig-/'r-''d '5 a n'de9IaLIFhL D!8s ma4 ;r'.ide an a1"er?
na"i.e *a4 '5 re;resen"ing mu&- '5 "-e in5'rma"i'n needed 5'r
/'"- '5 "-ese "as,s9

`> A&:@AcPNGNSN@$#

Z-is resear&- is su;;'r"ed /4 da*ren&e di.erm're Da"i'na1
da/'ra"'r4 and "-e Je;ar"men" '5 cnerg4 under &'n"ra&" num/er
AhiUT?cDV?iH9 Z-e b9!9 V'.ernmen" is au"-'ri@ed "' re;r'du&e
and dis"ri/u"e re;rin"s 5'r g'.ernmen"a1 ;ur;'ses n'"*i"-s"anding
an4 &';4rig-" n'"a"i'n -ere'n9 Z-e .ie*s and &'n&1usi'ns &'n?
"ained -erein are "-'se '5 "-e au"-'rs and s-'u1d n'" /e in"er?
;re"ed as ne&essari14 re;resen"ing "-e '55i&ia1 ;'1i&ies 'r end'rse?
men"s ei"-er eB;ressed 'r im;1ied7 '5 ddDdoJ]c 'r "-e b9!9
V'.ernmen"9

Z-e au"-'rs *is- "' "-an, Kndre* O&:a11um7 and "-e s"uden"s
and s"a55 '5 "-e 8n5'rma"i'n cB"ra&"i'n and !4n"-esis da/ a" "-e
bni.ersi"4 '5 Oassa&-use""s 5'r use '5 "-e WeBa da"a7 as *e11 as
:ind4 d'ise11e 5'r -er -e1;5u1 &'mmen"s and OwOs9

a> %NCN%N@&N#

IFL d9 K9 Kdami&7 W9 O9 du,'se7 K9 W9 euni4ani7 and R9 K9
>u/erman9 !ear&- in ;'*er?1a* ne"*'r,s9 Ph<sical KeLie$
07 ai7 GUUF9

IGL b9 Rrandes9 K 5as"er a1g'ri"-m 5'r /e"*eenness &en"ra1i"49
Mournal of Nathe6atical 2ociolog< GTMFaN?Fhh7 GUUF9

INL c9 :-'*9 K gra;- sear&- -euris"i& 5'r s-'r"es" dis"an&e ;a"-s9
Ze&-ni&a1 We;'r" b:Wd?XWDd?GUGH_i7 da*ren&e
di.erm're Da"i'na1 da/'ra"'r47 GUUi9

IiL J9 :';;ersmi"- and !9 Ain'grad9 Oa"riB mu1i;1i&a"i'n .ia
ari"-me"i& ;r'gressi'ns9 MO 2<67olic Bo6>utingO _MGTF?GHU7
F__U9

ITL e9 crdxs and K9 Wmn4i9 ]n "-e e.'1u"i'n '5 rand'm gra;-s9
eu/19 Oa"-9 8ns"9 >ungar9 K&ad9 !&i9 T7 Fh?aF9 F_aU9

IaL :9 [a1'u"s's7 Q9 !9 O&:ur1e47 and K9 Z'm,ins9 [as" dis&'.?
er4 '5 &'nne&"i'n su/gra;-s9 8n Proceedings of the PQth
1BN 2RGSDD Rnternational Bonference on Sno$ledge Dis?
coLer< and Data Nining77 GUUi9

IhL W9 A9 [1'4d9 K1g'ri"-m _h C!>]WZc!Z eKZ>E9 Bo66uni?
cations of the 1BN7 TCaEMNiT7 F_aG9

IHL d9 :9 [reeman9 :en"ra1i"4 in s'&ia1 ne"*'r,sM :'n&e;"ua1
&1ari5i&a"i'n9 2ocial Det$or's FMGFT?GN_7 F_h_9

I_L D9 [riedman7 d9 Ve"''r7 J9 Q'11er7 and K9 e5e55er9 dearning
;r'/a/i1is"i& re1a"i'na1 m'de1s9 8n Proceedings of the Rnter?
national Moint Bonference on 1rtificial Rntelligence7 F___9

IFUL X9 Q1ein/erg9 Da.iga"i'n in a sma11 *'r1d9 Dature7 iUaMHiT7
GUUU9



IFFL X9 Q1ein/erg9 Z-e sma11?*'r1d ;-en'men'nM Kn a1g'ri"-mi&
;ers;e&"i.e9 8n Proceedings of the TUnd 1BN 2<6>osiu6
on Theor< of Bo6>uting7 GUUU9

IFGL X9 Q1ein/erg7 K9 !1i.,ins7 and Z9 AeB1er9 Zriangu1a"i'n and
em/edding using sma11 se"s '5 /ea&'ns9 8n Proceedings of
the VG

th
1nnual R000 2<6>osiu6 on Foundations of

Bo6>uter 2cience7 GUUi9

IFNL W9 Qrau"-gamer and X9 W9 dee9 Da.iga"ing ne"sM !im;1e a1g'?
ri"-ms 5'r ;r'Bimi"4 sear&-9 8n 1BN?2R1N 2<6>osiu6 on
Discrete 1lgorith6s7 GUUi9

IFiL X9 des,'.e&7 X9 Q1ein/erg7 and :9 [a1'u"s's9 Vra;-s '.er
"imeM Jensi5i&a"i'n 1a*s7 s-rin,ing diame"ers and ;'ssi/1e
eB;1ana"i'ns9 8n Proceedings of the PPth 1BN 2RGSDD Rn?
ternational Bonference on Sno$ledge DiscoLer< and Data
Nining7 GUUT9

IFTL X9 De.i11e and J9 Xensen9 Je;enden&4 ne"*'r,s 5'r re1a"i'na1
da"a9 Proceedings of the Vth R000 Rnternational Bonference
on Data Nining7 GUUi9

IFaL Z9 !9 c9 Dg and >9 j-ang9 eredi&"ing 8n"erne" ne"*'r, dis?
"an&e *i"- &''rdina"es?/ased a;;r'a&-es9 8n Proceedings of
the UPst 1nnual Moint Bonference of the R000 Bo6>uter

and Bo66unications 2ocieties FMFhU?Fh_7 GUUG9

IFhL :9 W9 ea1mer7 e9 R9 Vi//'ns7 and :9 [a1'u"s's9 KD[M K 5as"
and s&a1a/1e "''1 5'r da"a mining in massi.e gra;-s9 8n Pro?
ceedings of the 8th 1BN 2RGSDD Rnternational Bonference
on Sno$ledge DiscoLer< and Data Nining7 GUUG9

IFHL O9 eias7 X9 :r'*&r'5"7 !9 Ai1/ur7 Z9 >arris7 and !9 R-a""i9
dig-"-'uses 5'r s&a1a/1e dis"ri/u"ed 1'&a"i'n9 8n Proceed?
ings of the Und Rnternational For'sho> on Peer?To?Peer

2<ste6s7 GUUN9

IF_L q9 !-a.i"" and Z9 Zan,e19 Rig?Rang simu1a"i'n 5'r em/ed?
ding ne"*'r, dis"an&es in cu&1idean s;a&e9 8n Proceedings
of R000 Rnfoco67 GUUN9

IGUL K9 !1i.,ins9 Jis"an&e es"ima"i'n and '/\e&" 1'&a"i'n .ia rings
'5 neig-/'rs9 8n Proceedings of the 1BN 2<6>osiu6 on
Princi>les of Distri7uted Bo6>uting7 GUUT9

IGFL y9 ! im!e, and J9 Xensen9 Je&en"ra1i@ed sear&- in ne"*'r,s
using -'m';-i14 and degree dis;ari"49 8n Proceedings of
the Dineteenth Rnternational Moint Bonference on 1rtifi?

cial Rntelligence7 GUUT9

IGGL d9 Zang and O9 :r'.e11a9 tir"ua1 1andmar,s 5'r "-e 8n"erne"9
8n Proceedings of the Bonference on Rnternet Neasure?
6ent Bonference7 GUUN9

IGNL J9 X9 Aa""s7 e9 !9 J'dds7 and O9 c9 X9 De*man9 8den"i"4 and
sear&- in s'&ia1 ne"*'r,s9 2cience7 G_aMFNUG?FNUT7 GUUG9

IGiL J9 X9 Aa""s and !9 >9 !"r'ga"@9 :'11e&"i.e d4nami&s '5 sma11?
*'r1d ne"*'r,s9 Dature7 N_NMiiU?iiG7 F__H9

IGTL Ai,i;edia &'n"ri/u"'rs CGUUaE9 !iB Jegrees '5 Qe.in Ra&'n9
Fi'i>ediaI The Free 0nc<clo>edia9 We"rie.ed FTMFU7 K;ri1
FT7 GUUa 5r'm -"";Mooen9*i,i;edia9'rgo*oindeB9;-;p
"i"1ef!iBzJegreesz'5zQe.inzRa&'nw'1didfiHUiUUGh9

dL^e R9 A'ng7 K9 !1i.,ins and c9 V9 !irer9 OeridianM K 1ig-"?
*eig-" ne"*'r, 1'&a"i'n ser.i&e *i"-'u" .ir"ua1 &''rdina"es9
8n Proceedings of 2RGBYNN7 GUUT9
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#;/tEeti4 Gr'pE Ge/er'tio/ Pro4e01re.

Ae e.a1ua"ed "-e ;er5'rman&e '5 'ur indi&es 'n "-ree "4;es '5
s4n"-e"i& da"a se"s9 !ma11 CFUU n'deE eBam;1es '5 ea&- are de?
;i&"ed in [igure FG9 Z-e 5irs" "4;e is /ased 'n an crdxs?Wmn4i
s"41e rand'm gra;- m'de1 ITL9 Z' /ui1d 'ne '5 "-ese gra;-s7 *e
s;e&i54 "-e num/er '5 n'des and edges as ;arame"ers7 and *ire
"-e gra;- /4 rand'm14 se1e&"ing "-e end;'in"s 5'r ea&- edge "-a"
*e *an" "' &rea"e9 ]n&e "-e edges are in ;1a&e7 *e "-en se1e&" "-e
1arges" &'nne&"ed &'m;'nen" '5 "-e gra;- C"4;i&a114 en&'m;ass?
ing l _Tv '5 "-e n'desE 5'r ann'"a"i'n9

Z-e se&'nd "4;e '5 gra;- used is a P1ig-"14S re*ired 1a""i&e7 as
5irs" ;r';'sed /4 Aa""s and !"r'ga"@ IGiL9 ['r "-is m'de17 *e
s;e&i54 "-e num/er '5 n'des in "-e gra;-7 "-e degree '5 ea&- n'de7
and "-e edge re*iring ;r'/a/i1i"49 K5"er &'ns"ru&"ing a regu1ar
1a""i&e *i"- "-e s;e&i5ied num/er '5 n'des and edges7 *e "-en
inde;enden"14 51i; a &'in "' de&ide *-e"-er 'r n'" "' re*ire ea&-
edge /4 rand'm14 assigning 'ne '5 i"s end;'in"s "' a ne* des"ina?
"i'n9 Z-e eBam;1es used in "-is ;a;er *ere genera"ed *i"- a re*ir?
ing ;r'/a/i1i"4 '5 U9UF9

[ina1147 *e "es"ed 'ur a1g'ri"-ms using gra;-s genera"ed *i"- "-e
P['res" [ireS m'de1 des&ri/ed /4 des,'.e& e" a19 IFiL7 using
P/urn ;r'/a/i1i"iesS ranging 5r'm U9NG "' U9iH7 and a P/a&,*ard
/urning ;r'/a/i1i"4S '5 U9G9

%e'8 5't'.et.

Z*' rea1?*'r1d da"ase"s *ere used 5'r eB;erimen"s in "-is ;a;er9
Z-e WeBa da"a/ase is a &i"a"i'n gra;- '5 s&ien"i5i& ;a;ers in &'m?
;u"er s&ien&e9 8" &'n"ains FaT, n'des7 re;resen"ing ;a;ers7 &'n?
ne&"ed /4 NGF, undire&"ed edges7 re;resen"ing "-e &i"a"i'ns am'ng
;a;ers9 Z-e 1'* a.erage degree is due "' &'re5eren&e err'rs in "-e
;ar"i&u1ar .ersi'n '5 "-e WeBa da"ase" used and "-e 5a&" "-a" man4
;a;ers in "-e da"ase" &i"e ;a;ers "-a" d' n'" a;;ear e1se*-ere in
"-e da"a and "-us -a.e a degree '5 'ne9

Z-e 8OJ/ da"ase" is a ne"*'r, '5 a&"'rs dra*n 5r'm
***9imd/9&'m9 K&"'rs are 1in,ed *-en "-e4 -a.e &'s"arred in a
m'.ie "'ge"-er /e"*een F_hU and GUUU9 [ur"-erm're7 a&"'rs *-'
-a.e a;;eared in 5e*er "-an GU m'.ies in "-a" ;eri'd -a.e /een
5i1"ered 'u"9 Z-e resu1"ing ne"*'r, &'n"ains FU, n'des and aGH,
edges
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