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PaUW 1 Rf¬n: AQ IQWURdXcWLRQ

ThiV piece bXildV on a bXnch¬of¬m\¬UecenW blog poVWV WhaW haYe menWioned neWZoUkV.¬Elijah MeekV alUead\ haV pUepaUed a good inWUodXcWion Wo neWZoUk
YiVXali]aWionV on hiV oZn blog, Vo I coYeU moUe of Whe concepWXal iVVXeV heUe, hoping Wo Ueach people ZiWh liWWle-Wo-no backgUoXnd in neWZoUkV oU maWh, and
VpeciÀcall\ Wo digiWal hXmaniVWV inWeUeVWed in appl\ing neWZoUk anal\ViV Wo WheiU oZn ZoUk.

SRPe WaUQLQgV

A neWZoUk iV a fanWaVWic Wool in Whe digiWal hXmaniVW·V Woolbo[³one of man\³and iW·V no e[aggeUaWion Wo Va\ pUeWW\ mXch¬an\¬daWa can be VWXdied Yia neWZoUk
anal\ViV. WiWh enoXgh VWUeWching and molding, \oX Woo coXld haYe a neWZoUk anal\ViV pUoblem! AV ZiWh man\ oWheU Vcience-deUiYed meWhodologieV, iW·V faiUl\
eaV\ Wo e[Wend Whe meWaphoU of neWZoUk anal\ViV inWo an\ nXmbeU of domainV.

The dangeU heUe iV WZo-fold.

1. When \oX·Ue giYen \oXU ÀUVW hammeU, eYeU\Whing lookV like a nail. NeWZoUkV¬can¬be XVed on an\ pUojecW. NeWZoUkV¬shoXld¬be XVed on faU feZeU.
NeWZoUkV in Whe hXmaniWieV aUe e[peUiencing TXiWe Whe aZakening, and WhiV iV dXe in paUW Wo Whe XnWil-UecenWl\ XnWapped UeVoXUceV of eaV\ WoolV and
aYailable daWaVeWV. TheUe iV a loW of loZ-hanging fUXiW oXW WheUe on Whe neWZoUkV+hXmaniWieV WUee, and Whe\ oXghW Wo be plXcked b\ WhoVe bUaYe and Zilling
enoXgh Wo do Vo. HoZeYeU, WhaW doeV noW giYe XV an e[cXVe Wo appl\ neWZoUkV Wo¬eYer\Whing. ThiV VeUieV Zill Walk a liWWle biW aboXW Zhen hammeUV aUe
XVefXl, and Zhen \oX Ueall\ VhoXld be Ueaching foU a VcUeZdUiYeU.

2. MeWhodolog\ appUopUiaWion iV¬dangeroXs. EYen Zhen Whe people deVigning a meWhodolog\ foU Vome VpeciÀc pXUpoVe geW iW UighW³and Whe\ UaUel\ do³
WheUe iV ofWen a VcoUe of WheoUeWical and philoVophical caYeaWV WhaW geW loVW Zhen Whe meWhodolog\ geWV WUanVlaWed. In Whe moUe fUeTXenW caVe, Zhen WhoVe
caYeaWV aUe noW knoZn Wo begin ZiWh, ´boUUoZingµ Whe meWhodolog\ becomeV eYen moUe dangeUoXV. Ted UndeUZood¬blogV a gUeaW e[ample of Zh\
liWeUaU\ hiVWoUianV oXghW Wo Vkip a majoU VWep in LaWenW SemanWic Anal\ViV, becaXVe Whe pXUpoVe of Whe liWeUaU\ hiVWoUian iV¬so Yer\ differenW¬fUom WhaW of Whe
compXWeU VcienWiVW Zho deVigned Whe algoUiWhm. ThiV VeUieV Zill aWWempW Wo poinW oXW Vome of Whe WheoUeWical baggage and neceVVaU\ aVVXmpWionV of Whe
YaUioXV neWZoUk meWhodV iW coYeUV.

The BaVLcV



9/28/22, 3:19 PM ª DeP\VWLf\LQg NeWZRUNV, PaUWV I & II JRXUQaO Rf DLgLWaO HXPaQLWLeV

MRXUQaORfdLgLWaOhXPaQLWLeV.RUg/1-1/deP\VWLf\LQg-QeWZRUNV-b\-VcRWW-ZeLQgaUW/ 2/12

NoWhing ZoUWh diVcoYeUing haV eYeU been foXnd in Vafe ZaWeUV. OU UaWheU, eYeU\Whing ZoUWh diVcoYeUing in Vafe ZaWeUV¬has alread\ been discoYered, Vo iW·V Wime
Wo VhoYe off inWo Whe dangeUoXV ZaWeUV of meWhodolog\ appUopUiaWion, cogni]anW of Whe ZaUningV bXW noW cUippled b\ Whem.

An\one ZiWh a loW of Wime and a YicioXV inWeUeVW in neWZoUkV VhoXld VWop Ueading¬righW noZ, and inVWead pick Xp copieV of¬NeWZoUkV, CUoZdV, and MaUkeWV[1
]¬and¬NeWZoUkV: An InWUodXcWion[2 ]. The ÀUVW iV a non-maWh\ inWUodXcWion Wo moVW of Whe concepWV of neWZoUk anal\ViV, and Whe Vecond iV a moUe in-depWh

(and foUmXla-laden) e[ploUaWion of WhoVe concepWV. The\·Ue phenomenal, eVVenWial, and ZoUWh eYeU\ penn\.

ThoVe of \oX ZiWh VlighWl\ leVV Wime, bXW VomehoZ enoXgh Wo Uead m\ Uambling blog (WheUe aUe appaUenWl\ a feZ of \oX oXW WheUe), Vo good of \oX Wo join me.
We·ll VWaUW ZiWh Whe¬reall\ basic¬baVicV, bXW VWa\ ZiWh me, becaXVe b\ paUW¬n¬of WhiV VeUieV, Ze·ll be going oYeU Whe Ueall\ cool VWXff onl\ ninjaV, Gandhi, and The
Rolling SWoneV haYe ZoUked on.

NeWZRUNV

The ZoUd ´neWZoUkµ oUiginall\ meanW jXVW WhaW: ´a¬neW-like aUUangemenW of WhUeadV, ZiUeV, eWc.µ IW laWeU came Wo VWand foU an\ comple[, inWeUlocking
V\VWem.¬SWXff¬and¬UeOaWiRQVhiSV.

A Vimple neWZoUk UepUeVenWaWion fUom Zikipedia.oUg

GeneUall\, neWZoUk VWXdieV aUe made XndeU Whe aVVXmpWion WhaW neiWheU Whe VWXff noU Whe UelaWionVhipV aUe Whe Zhole VWoU\ on WheiU oZn. If \oX·Ue VWXd\ing
VomeWhing ZiWh neWZoUkV, oddV aUe \oX·Ue doing Vo becaXVe \oX Whink Whe objecWV of \oXU VWXd\ aUe¬inWerdependenW¬UaWheU Whan¬independenW. RepUeVenWing
infoUmaWion aV a neWZoUk impliciWl\ VXggeVWV noW onl\ WhaW connecWionV maWWeU, bXW WhaW Whe\ aUe¬reqXired¬Wo XndeUVWand ZhaWeYeU·V going on.

Oh, I VhoXld menWion WhaW people ofWen XVe Whe ZoUd ´gUaphµ Zhen Walking aboXW neWZoUkV. IW·V baVicall\ Whe maWh\ WeUm foU a neWZoUk, and iWV deÀniWion iV a biW
moUe foUmali]ed and concUeWe. Think doWV connecWed ZiWh lineV.

BecaXVe neWZoUkV aUe VWXdied b\ loWV of diffeUenW gUoXpV, WheUe aUe loWV of diffeUenW ZoUdV foU pUeWW\ mXch Whe Vame concepWV. I·ll e[plain Vome of Whem beloZ.

The SWXff

SWXff (pUeVXmabl\) e[iVWV. EggplanWV, WUXe loYe, Whe¬Mar\ CelesWe, Wall people, and TeUU\ PUaWcheWW·V¬Thief of Time¬all fall in WhaW caWegoU\. NeWZoUk anal\ViV
geneUall\ dealV ZiWh one oU a Vmall handfXl of¬W\pes¬of VWXff, and When a mXlWiWXde of e[ampleV of WhaW W\pe.

Sa\ Whe¬W\pe¬Ze·Ue dealing ZiWh iV a book. While VcholaUV mighW aUgXe Whe e[acW lineV of demaUcaWion VepaUaWing book fUom non-book, I Whink Ze can all agUee
WhaW moVW of Whe VWXff on m\ bookVhelf aUe, in facW, bookV. The\·Ue Whe¬sWXff. TheUe aUe diffeUenW e[ampleV of bookV: a TXoWaWion dicWionaU\, a Poe collecWion, and
Vo foUWh.

I·ll call WhiV aVVoUWmenW of VWXff¬nodes. YoX·ll alVo heaU Whem called¬YerWices¬(moVWl\ fUom Whe maWhemaWicianV and compXWeU VcienWiVWV),¬acWors¬(fUom Whe
VociologiVWV),¬agenWs¬(fUom Whe modeleUV), oU¬poinWs¬(noW Ueall\ VXUe ZheUe WhiV one comeV fUom).

The¬W\pe¬of VWXff coUUeVpondV Wo Whe¬W\pe¬of node. The indiYidXal e[ampleV aUe Whe nodeV WhemVelYeV. All of Whe nodeV aUe bookV, and each book iV a diffeUenW
node.

NodeV can haYe aWWUibXWeV. Each node, foU e[ample, ma\ inclXde Whe WiWle, Whe nXmbeU of pageV, and Whe \eaU of pXblicaWion.

A liVW of nodeV coXld look like WhiV:

_ 7LWOH                    _ # RI SDJHV _ \HDU RI SXEOLFDWLRQ _ 
_ ----------------------------------------------------------- _ 
_ GUDSKV, MDSV, DQG 7UHHV  _ 119        _ 2005                _ 
_ HRZ 7KH OWKHU HDOI LLYHV _ 233        _ 1890                _ 
_ MRGHUQ ESLF              _ 272        _ 1995                _ 
_ M\WKRORJ\                _ 352        _ 1942                _ 
_ MDFURDQDO\VLV            _ XQNQRZQ    _ 2011                _
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A neWZoUk of bookV (nodeV) ZiWh no
UelaWionVhipV (connecWionV)

We can geW a biW moUe complicaWed and add moUe node¬W\pes¬Wo Whe neWZoUk. AXWhoUV, foU e[ample. NoZ Ze·Ye goW a neWZoUk ZiWh bookV and aXWhoUV (bXW
noWhing linking Whem, \eW!).¬Franco MoreWWi¬and¬Graphs, Maps, and Trees¬aUe boWh nodeV, alWhoXgh Whe\ aUe of diffeUenW YaUieWieV, and noW \eW connecWed. We
coXld haYe a Vecond liVW of nodeV, paUW of Whe Vame neWZoUk, WhaW mighW look like WhiV:

_ AXWKRU          _ BLUWK _ DHDWK   _ 
_ --------------------------------- _ 
_ FUDQFR MRUHWWL  _ ?     _ Q/D     _ 
_ JDFRE A. 5LLV   _ 1849  _ 1914    _ 
_ EGLWK HDPLOWRQ  _ 1867  _ 1963    _ 
_ MDWWKHZ JRFNHUV _ ?     _ Q/D     _
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A neWZoUk of bookV and aXWhoUV ZiWhoXW UelaWionVhipV.

A neWZoUk ZiWh WZo W\peV of nodeV iV called¬2-mode,¬bimodal, oU¬biparWiWe. We can add moUe, making iW¬mXlWimodal. PXbliVheUV, WopicV, \oX-name-iW. We can
eYen add Veemingl\ XnUelaWed node-W\peV, like academic confeUenceV, oU coloUV of Whe UainboZ. The liVW goeV on. We ZoXld haYe a neZ liVW foU each neZ YaUieW\
of node.

PUeVXmabl\ Ze coXld conWinXe adding nodeV and node-W\peV XnWil Ze UXn oXW of VWXff in Whe XniYeUVe. ThiV ZoXld be a bad idea, and noW jXVW becaXVe iW ZoXld
Wake moUe Wime, eneUg\, and haUd-dUiYeV Whan coXld eYeU poVVibl\ e[iVW. AV iW VWandV noZ, neWZoUk Vcience iV ill-eTXipped Wo deal ZiWh mXlWimodal neWZoUkV. 2-
mode neWZoUkV aUe difÀcXlW enoXgh Wo ZoUk ZiWh, bXW once \oX geW Wo WhUee oU moUe YaUieWieV of nodeV, moVW algoUiWhmV XVed in neWZoUk anal\ViV¬simpl\ do noW
Zork. IW·V noW WhaW Whe\¬can·W¬ZoUk; iW·V jXVW WhaW moVW algoUiWhmV ZeUe onl\ cUeaWed Wo deal ZiWh neWZoUkV ZiWh one YaUieW\ of node. ThiV iV a WUap I Vee man\
neZcomeUV Wo neWZoUk Vcience falling inWo, eVpeciall\ in Whe digiWal hXmaniWieV. The\ Ànd WhemVelYeV ZiWh a neWZoUk daWaVeW of, foU e[ample, aXWhoUV and
pXbliVheUV. Each aXWhoU iV connecWed ZiWh one oU VeYeUal pXbliVheUV (Ze·ll geW inWo Whe connecWionV WhemVelYeV in Whe ne[W VecWion), and Whe Xp-and-coming
neWZoUk VcienWiVW loadV Whe neWZoUk inWo WheiU faYoUiWe VofWZaUe and YiVXali]eV iW. Woah! A neWZoUk! Then, becaXVe Whe VofWZaUe iV eaV\ Wo XVe, and haV a loW of
bXWWonV ZiWh ZoUdV WhaW fUom a non-Wechnical VWandpoinW Veem Wo make a loW of VenVe, Whe\ pUeVV WhoVe bXWWonV Wo Vee ZhaW comeV oXW. Then, Whe\ change Whe
YiVXal chaUacWeUiVWicV of Whe neWZoUk baVed on Whe bXWWonV Whe\·Ye pUeVVed. LeW·V Wake a concUeWe e[ample. PopXlaU neWZoUk VofWZaUe Gephi comeV ZiWh a bXWWon
WhaW meaVXUeV Whe¬cenWraliW\¬of nodeV. CenWUaliW\ iV a pUeWW\ complicaWed concepW WhaW I·ll geW inWo moUe deWail laWeU, bXW foU noZ iW·V enoXgh Wo Va\ WhaW iW doeV
e[acWl\ ZhaW iW VoXndV like: iW ÀndV hoZ cenWUal, oU impoUWanW, each node iV in a neWZoUk. The neZcomeU Wo neWZoUk anal\ViV loadV Whe aXWhoU-pXbliVheU neWZoUk
inWo Gephi, ÀndV Whe cenWUaliW\ of eYeU\ node, and When makeV Whe nodeV biggeU WhaW haYe Whe higheVW cenWUaliW\. The iVVXe heUe iV WhaW, alWhoXgh Whe neWZoUk
loadV inWo Gephi peUfecWl\ Àne, and alWhoXgh Whe cenWUaliW\ algoUiWhm UXnV VmooWhl\, Whe UeVXlWing nXmbeUV¬do noW mean ZhaW Whe\ XsXall\ mean. CenWUaliW\, aV iW
e[iVWV in Gephi, ZaV Àne-WXned Wo be XVed ZiWh Vingle mode neWZoUkV, ZheUeaV Whe aXWhoU-pXbliVheU neWZoUk (noW Wo menWion Whe aXWhoU-book neWZoUk aboYe) iV
bimodal. CenWUaliW\ meaVXUeV haYe been made foU bimodal neWZoUkV, bXW WhoVe algoUiWhmV aUe noW inclXded ZiWh Gephi. MoVW compXWeU VcienWiVWV ZoUking ZiWh
neWZoUkV do Vo ZiWh onl\ one oU a feZ W\peV of nodeV. HXmaniWieV VcholaUV, on Whe oWheU hand, aUe ofWen dealing ZiWh Whe inWeUacWionV of man\¬W\peV¬of WhingV,
and Vo Whe algoUiWhmV deYeloped foU WUadiWional neWZoUk VWXdieV aUe inVXfÀcienW foU Whe neWZoUkV Ze ofWen haYe. TheUe aUe Za\V of ÀWWing WheiU algoUiWhmV Wo oXU
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neWZoUkV, oU Yice-YeUVa, bXW WhaW UeTXiUeV faiUl\ UobXVW Wechnical knoZledge of Whe WaVk aW hand. BeVideV dealing ZiWh Whe Vingle mode / mXlWimodal iVVXe,
hXmaniVWV alVo mXVW VWUXggle ZiWh ÀWWing VTXaUe pegV in UoXnd holeV. HXmaniVWic daWa aUe almoVW b\ deÀniWion XnceUWain, open Wo inWeUpUeWaWion, Áe[ible, and noW
eaVil\ deÀnable. Node W\peV aUe b\ deÀniWion concUeWe; \oXU objecW eiWheU¬is¬oU¬is noW¬a book. EYeU\ book-W\pe Whing mXVW VhaUe ceUWain Xnchanging
chaUacWeUiVWicV. ThiV¬redXcWion of daWa¬comeV aW a pUice, one WhaW Vome aUgXe WUadiWionall\ diYided Whe hXmaniWieV and Vocial VcienceV. If hXmaniVWV caUe moUe
aboXW Whe diffeUenceV Whan Whe UegXlaUiWieV, moUe aboXW ZhaW makeV an objecW XniTXe UaWheU Whan ZhaW makeV iW VimilaU, WhaW iV Whe YeU\ infoUmaWion Whe\ aUe
likel\ Wo loVe b\ deÀning WheiU objecWV aV nodeV. ThiV iV noW Wo Va\ iW cannoW be done, oU eYen WhaW iW haV noW! People aUe cleYeU, and neWZoUk Vcience iV moUe
Áe[ible Whan Vome giYe iW cUediW foU. The impoUWanW Whing iV eiWheU Wo be aZaUe of ZhaW \oX aUe loVing Zhen \oX UedXce \oXU objecWV Wo one oU a feZ W\peV of
nodeV, oU Wo change Whe meWhodV of neWZoUk Vcience Wo ÀW \oXU moUe comple[ daWa.

The ReOaWLRQVhLSV

RelaWionVhipV (pUeVXmabl\) e[iVW. FUiendVhipV, VimilaUiWieV, Zeb linkV, aXWhoUVhipV, and ZiUeV all fall inWo WhiV caWegoU\. NeWZoUk anal\ViV geneUall\ dealV ZiWh
one oU a Vmall handfXl of¬W\pes¬of UelaWionVhipV, and When a mXlWiWXde of e[ampleV of WhaW W\pe. NoZ WhaW Ze haYe sWXff¬and relaWionships, Ze·Ue ¬eTXipped Wo
UepUeVenW eYeU\Whing needed foU a Vimple neWZoUk. LeW·V VWaUW ZiWh a Vingle mode neWZoUk; WhaW iV, a neWZoUk ZiWh onl\ one VoUW of node: ciWieV. We can cUeaWe a
neWZoUk of Zhich ciWieV aUe connecWed Wo one anoWheU b\ aW leaVW one Vingle VWUeWch of highZa\, like Whe one beloZ:

_ CLW\          _ LV FRQQHFWHG WR _ 
_ ------------------------------- _ 
_ IQGLDQDSROLV  _ LRXLVYLOOH      _ 
_ LRXLVYLOOH    _ CLQFLQQDWL      _ 
_ CLQFLQDWWL    _ IQGLDQDSROLV    _ 
_ CLQFLQDWWL    _ LH[LQJWRQ       _ 
_ LRXLVYLOOH    _ LH[LQJWRQ       _ 
_ LRXLVYLOOH    _ NDVKYLOOH       _

CiWieV inWeUconnecWed b\ highZa\V

The Vimple neWZoUk aboYe VhoZV hoZ ceUWain ciWieV aUe connecWed Wo one anoWheU Yia highZa\V. A connecWion Yia a highZa\V iV Whe W\pe¬of UelaWionVhip. An
e[ample of one of Whe aboYe UelaWionVhipV can be VWaWed ´LoXiVYille is connecWed Yia a highZa\ Wo¬IndianapoliV.µ TheVe connecWionV aUe s\mmeWric¬becaXVe a
connecWion fUom LoXiVYille Wo IndianapoliV alVo implieV a connecWion in Whe UeYeUVe diUecWion, fUom IndianapoliV Wo LoXiVYille. MoUe on WhaW VhoUWl\. FiUVW, leW·V
go back Wo Whe e[ample of bookV and aXWhoUV fUom Whe laVW VecWion. Sa\ Whe¬W\pe¬Ze·Ue dealing ZiWh iV an aXWhoUVhip. BookV (Whe¬sWXff) and aXWhoUV (anoWheU kind
of¬sWXff) aUe connecWed Wo one-anoWheU Yia Whe aXWhoUVhip UelaWionVhip, Zhich iV foUmali]ed in Whe phUaVe ´X iV an aXWhoU of Y.µ The indiYidXal UelaWionVhipV
WhemVelYeV aUe of Whe foUm ´FUanco MoUeWWi¬iV an aXWhoU of Graphs, Maps, and Trees.µ MXch like Whe VWXff (nodeV), UelaWionVhipV enjo\ a mXlWiWXde of nameV. I·ll
call Whem¬edges. YoX·ll alVo heaU Whem called¬arcs,¬links,¬Wies, and¬relaWions. FoU VimpliciW\ Vake, alWhoXgh¬edges¬aUe ofWen XVed Wo deVcUibe onl\ one YaUieW\ of
UelaWionVhip, I·ll XVe iW foU pUeWW\ mXch eYeU\Whing and jXVW add TXaliÀeUV Zhen diVcXVVing VpeciÀc W\peV. The¬W\pe¬of UelaWionVhip coUUeVpondV Wo Whe¬W\pe¬of
edge. The indiYidXal e[ampleV aUe Whe edgeV WhemVelYeV. IndiYidXal edgeV aUe deÀned, in paUW, b\ Whe nodeV WhaW Whe\ connecW. A liVW of edgeV coXld look like
WhiV:

_ PHUVRQ                   _ IV DQ DXWKRU RI            _ 
_ ----------------------------------------------------- _ 
_ FUDQFR MRUHWWL           _ MRGHUQ ESLF                _ 
_ FUDQFR MRUHWWL           _ GUDSKV, MDSV, DQG 7UHHV    _ 
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_ JDFRE A. 5LLV            _ HRZ 7KH OWKHU HDOI LLYHV   _ 
_ EGLWK HDPLOWRQ           _ M\WKRORJ\                  _ 
_ MDWWKHZ JRFNHUV          _ MDFURDQDO\VLV              _

NeWZoUk of bookV, aXWhoUV, and UelaWionVhipV beWZeen Whem.

NoWice hoZ, in WhiV Vcheme, edgeV can onl\ link WZo diffeUenW W\peV of nodeV. ThaW iV, a peUVon can be an aXWhoU of a book, bXW a book cannoW be an aXWhoU of a
book, noU can a peUVon an aXWhoU of a peUVon. FoU a neWZoUk Wo be WUXl\ bimodal, iW¬mXsW¬be of WhiV foUm. EdgeV can go beWZeen W\peV, bXW noW among Whem. ThiV
conVWUainW ma\ Veem aUWiÀcial, and in Vome VenVe iW iV, bXW foU noZ Whe VhoUW e[planaWion iV WhaW iW iV a conVWUainW UeTXiUed b\ moVW algoUiWhmV WhaW deal ZiWh
bimodal neWZoUkV. AV menWioned aboYe, algoUiWhmV aUe deYeloped foU VpeciÀc pXUpoVeV. Single mode neWZoUkV aUe Whe oneV ZiWh Whe moVW UeVeaUch done on
Whem, bXW bimodal neWZoUkV ceUWainl\ come in a cloVe Vecond. The\ aUe neWZoUkV ZiWh WZo W\peV of nodeV, and edgeV¬onl\¬going¬beWZeen¬WhoVe W\peV.¬ConWUaVW
WhiV againVW Whe Vingle mode ciW\-Wo-ciW\ neWZoUk fUom befoUe, ZheUe edgeV connecWed nodeV of Whe Vame W\pe. Of coXUVe, Whe ZoUld hXmaniVWV caUe Wo model iV
ofWen a good deal moUe complicaWed Whan WhaW, and noW onl\ doeV iW haYe mXlWiple YaUieWieV of nodeV ² iW alVo haV mXlWiple YaUieWieV of edgeV. PeUhapV, in addiWion
Wo ´X iV an aXWhoU of Yµ W\pe UelaWionVhipV, Ze alVo ZanW Wo inclXde ´A collaboUaWeV ZiWh Bµ W\pe UelaWionVhipV. BecaXVe edgeV, like nodeV, can haYe aWWUibXWeV,
an edge liVW combining boWh mighW look like WhiV.

_ NRGH1                    _ NRGH 2                     _ EGJH 7\SH         _ 
_ ----------------------------------------------------- _ ----------------- _ 
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_ FUDQFR MRUHWWL           _ MRGHUQ ESLF                _ LV DQ DXWKRU RI   _ 
_ FUDQFR MRUHWWL           _ GUDSKV, MDSV, DQG 7UHHV    _ LV DQ DXWKRU RI   _ 
_ JDFRE A. 5LLV            _ HRZ 7KH OWKHU HDOI LLYHV   _ LV DQ DXWKRU RI   _ 
_ EGLWK HDPLOWRQ           _ M\WKRORJ\                  _ LV DQ DXWKRU RI   _ 
_ MDWWKHZ JRFNHUV          _ MDFURDQDO\VLV              _ LV DQ DXWKRU RI   _ 
_ MDWWKHZ JRFNHUV          _ FUDQFR MRUHWWL             _ FROODERUDWHV ZLWK _

NeWZoUk of aXWhoUV, bookV, aXWhoUVhip UelaWionVhipV, and collaboUaWion UelaWionVhipV.

NoWice WhaW WheUe aUe noZ WZo W\peV of edgeV: ´iV an aXWhoU ofµ and ´collaboUaWeV ZiWh.µ NoW onl\ aUe Whe\ WZo diffeUenW W\peV of edgeV; Whe\ acW in
WZo¬fXndamenWall\ differenW Za\s. ´X iV an aXWhoU of Yµ iV an aV\mmeWUic UelaWionVhip; WhaW iV, \oX cannoW VZiWch oXW Node1 foU Node2. YoX cannoW Va\
´ModeUn Epic iV an aXWhoU of FUanco MoUeWWi.µ We call WhiV W\pe of UelaWionVhip a¬direcWed edge, and Ze geneUall\ UepUeVenW WhaW YiVXall\ XVing an aUUoZ going
fUom one node Wo anoWheU.

´A collaboUaWeV ZiWh B,µ on Whe oWheU hand, iV a V\mmeWUic UelaWionVhip. We can VZiWch oXW ´MaWWheZ JockeUV collaboUaWeV ZiWh FUanco MoUeWWiµ ZiWh ´FUanco
MoUeWWi collaboUaWeV ZiWh MaWWheZ JockeUV,µ and Whe infoUmaWion UepUeVenWed ZoXld be e[acWl\ Whe Vame. ThiV iV called an¬XndirecWed edge, and iV XVXall\
UepUeVenWed YiVXall\ b\ a Vimple line connecWing WZo nodeV. NoWice WhaW WhiV iV an edge connecWing WZo nodeV of Whe Vame W\pe (an aXWhoU-Wo-aXWhoU connecWion),
and Uecall WhaW WUXe bimodal neWZoUkV UeTXiUe edgeV Wo onl\ go beWZeen¬W\peV. AlgoUiWhmV meanW foU bimodal neWZoUkV no longeU appl\ Wo Whe neWZoUk aboYe.

MoVW neWZoUk algoUiWhmV and YiVXali]aWionV bUeak doZn Zhen combining WheVe WZo ÁaYoUV of edgeV. Some algoUiWhmV ZeUe deVigned foU diUecWed edgeV,
like¬Google·V PageRank, ZheUeaV oWheU algoUiWhmV aUe deVigned foU XndiUecWed edgeV, like man\ cenWUaliW\ meaVXUeV. Combining boWh W\peV iV UaUel\ a good
idea. Some algoUiWhmV Zill VWill UXn Zhen Whe WZo aUe combined, hoZeYeU Whe UeVXlWV XVXall\ make liWWle VenVe.
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BoWh diUecWed and XndiUecWed edgeV can alVo be ZeighWed. FoU e[ample, I can WU\ Wo make a neWZoUk of bookV, ZiWh WhoVe bookV WhaW aUe VimilaU Wo one anoWheU
VhaUing an edge beWZeen Whem. The moUe VimilaU Whe\ aUe, Whe heaYieU Whe ZeighW of WhaW edge. I can Va\ WhaW eYeU\ book iV VimilaU Wo eYeU\ oWheU on a Vcale fUom
1 Wo 100, and compaUe Whem b\ ZheWheU Whe\ XVe Whe Vame ZoUdV. TZo dicWionaUieV ZoXld pUobabl\ connecW Wo one anoWheU ZiWh an edge ZeighW of 95 oU Vo,
ZheUeaV¬Graphs, Maps, and Trees¬ZoXld pUobabl\ VhaUe an edge of ZeighW 5 ZiWh¬HoZ The OWher Half LiYes. ThiV iV ofWen YiVXall\ UepUeVenWed b\ Whe WhickneVV
of Whe line connecWing WZo nodeV, alWhoXgh VomeWimeV iW iV UepUeVenWed aV coloU oU lengWh.

IW·V alVo ZoUWh poinWing oXW Whe diffeUence beWZeen e[pliciW and infeUUed edgeV. If Ze·Ue Walking aboXW compXWeUV connecWed on a neWZoUk Yia ZiUeV, Whe edgeV
connecWing each compXWeU¬acWXall\ e[isW. We can ZeighW Whem b\ ZiUe lengWh, and WhaW lengWh, Woo,¬acWXall\ e[isWs. SimilaUl\, ciWaWion linkageV, neighboU
UelaWionVhipV, and phone callV aUe e[pliciW edgeV.

We can begin Wo moYe inWo inWeUpUeWaWion Zhen Ze begin cUeaWing edgeV beWZeen bookV baVed on VimilaUiW\ (eYen Zhen XVing VomeWhing like ZoUd
compaUiVonV). The edgeV aUe a la\eU of inWeUpUeWaWion noW inWUinVic in Whe objecWV WhemVelYeV. The hXmaniVW mighW aUgXe WhaW all edgeV aUe inWUinVic all Whe Za\
doZn, oU infeUUed all Whe Za\ Xp, bXW in eiWheU caVe WheUe iV a diffeUence in kind beWZeen WZo compXWeUV connecWed Yia ZiUeV, and WZo bookV connecWed becaXVe
Ze feel Whe\ VhaUe VimilaU WopicV.

AV VXch, algoUiWhmV made Wo ZoUk on one ma\ noW ZoUk on Whe oWheU; oU peUhapV Whe\ ma\, bXW WheiU inWeUpUeWaWiYe fUameZoUk mXVW change dUaVWicall\. A YeU\
cenWUal compXWeU mighW be one in Zhich, if UemoYed, Whe compXWeUV Zill no longeU be able Wo inWeUacW ZiWh one anoWheU; a YeU\ cenWUal book ma\ be VomeWhing
elVe enWiUel\.

AV ZiWh nodeV, edgeV come ZiWh man\ WheoUeWical VhoUWcomingV foU Whe hXmaniVW. Reall\, eYeU\Whing iV pUobabl\ UelaWed Wo eYeU\Whing elVe in iWV¬lighW cone. If
Ze·Ye managed Wo make eYeU\Whing in Whe ZoUld a node, UealiVWicall\ Ze·d alVo haYe Vome VoUW of edge beWZeen pUeWW\ mXch eYeU\Whing, ZiWh a leVVeU oU gUeaWeU
ZeighW. A neWZoUk of nodeV ZheUe almoVW eYeU\Whing iV connecWed Wo almoVW eYeU\Whing elVe iV called¬dense, and denVe neWZoUkV aUe UaUel\ XVefXl. MoVW neWZoUk
algoUiWhmV (eVpeciall\ oneV WhaW deWecW commXniWieV of nodeV) ZoUk beWWeU and faVWeU Zhen Whe neWZoUk iV¬sparse, Zhen moVW nodeV aUe onl\ connecWed Wo a
Vmall peUcenWage of oWheU nodeV.

Ma[imall\ denVe neWZoUkV fUom VagemaWh.oUg

To make oXU neWZoUk VpaUVe, Ze ofWen mXVW aUWiÀciall\ cXW off Zhich edgeV Wo XVe, eVpeciall\ ZiWh hXmaniVWic and infeUUed daWa. ThaW·V ZhaW¬ShaZn GUaham
VhoZed XV hoZ Wo do Zhen combining Wopic modelV ZiWh neWZoUkV. The neWZoUk ZaV one of aXWhoUV and WopicV; Zhich aXWhoUV ZUoWe aboXW Zhich WopicV? The
daWa iWVelf connecWed eYeU\ aXWhoU Wo eYeU\ Wopic Wo a gUeaWeU oU leVVeU degUee, bXW VXch a denVe neWZoUk ZoXld noW be YeU\ XVefXl, Vo ShaZn limiWed Whe edgeV Wo
Whe¬highesW ZeighWed¬connecWionV beWZeen an aXWhoU and a Wopic. The UeVXlWing neWZoUk looked like¬WhiV¬(PDF), Zhen iW oWheUZiVe ZoXld haYe looked like a big
ball of VpagheWWi and meaWballV.

UnfoUWXnaWel\, giYen WhaW hXmaniVWic daWa aUe ofWen XnceUWain and biaVed Wo begin ZiWh, eYeU\ aUbiWUaU\ acW of daWa-cXWWing haV Whe poWenWial Wo add fXUWheU
XnceUWainW\ and biaV Wo a poinW ZheUe Whe neWZoUk no longeU pUoYideV meaningfXl UeVXlWV. The abiliW\ Wo cXW aZa\ jXVW enoXgh daWa Wo make Whe neWZoUk
manageable, bXW noW enoXgh Wo loVe infoUmaWion, iV aV mXch an aUW aV iW iV a Vcience.



9/28/22, 3:19 PM ª DeP\VWLf\LQg NeWZRUNV, PaUWV I & II JRXUQaO Rf DLgLWaO HXPaQLWLeV

MRXUQaORfdLgLWaOhXPaQLWLeV.RUg/1-1/deP\VWLf\LQg-QeWZRUNV-b\-VcRWW-ZeLQgaUW/ 9/12

H\SeUgUaShV & MXOWLgUaShV

MaWhemaWicianV and compXWeU VcienWiVWV haYe acWXall\ foUmali]ed moUe comple[ YaUieWieV of neWZoUkV, and Whe\ call Whem¬h\peUgUaphV¬and¬mXlWigUaphV.
BecaXVe hXmaniWieV daWa aUe ofWen Vo Uich and comple[, iW ma\ be moUe appUopUiaWe Wo UepUeVenW Whem XVing WheVe UepUeVenWaWionV. UnfoUWXnaWel\, alWhoXgh
ample UeVeaUch haV been done on boWh, moVW oXW-of-Whe-bo[ WoolV VXppoUW neiWheU. We haYe Wo bXild Whem foU oXUVelYeV.

A h\peUgUaph iV one in Zhich moUe Whan WZo nodeV can be connecWed b\ one edge. A Vimple e[ample ZoXld be an ´iV a Vibling ofµ UelaWionVhip, ZheUe Whe edge
connecWed WhUee ViVWeUV UaWheU Whan WZo. ThiV iV a V\mmeWUic, XndiUecWed edge, bXW peUhapV WheUe can be diUecWed edgeV aV Zell, of Whe W\pe ´Ale[¬conYinced
BeWW\¬Wo rXn aZa\ from¬CaUl.µ A WhUee-paUW edge.

A mXlWigUaph iV one in Zhich mXlWiple edgeV can connecW an\ WZo nodeV. We can haYe, foU e[ample, a WUanVpoUWaWion gUaph beWZeen ciWieV. A edge e[iVWV foU
eYeU\ WUanVpoUWaWion UoXWe. RealiVWicall\, man\ UoXWeV can e[iVW beWZeen an\ WZo ciWieV: Vome b\ plane, VeYeUal diffeUenW highZa\V, WUainV, eWc.

I imagine boWh of WheVe UepUeVenWaWionV Zill be impoUWanW foU hXmaniVWV going foUZaUd, bXW UaWheU Whan Uel\ing on WhaW compXWeU VcienWiVW Zho keepV hanging oXW
in Whe hiVWoU\ depaUWmenW, Ze oXUVelYeV Zill haYe Wo deYelop algoUiWhmV WhaW accXUaWel\ capWXUe e[acWl\ ZhaW iW iV Ze aUe looking foU. We haYe a diffeUenW VeW of
pUoblemV, and WhoXgh Whe VolXWionV ma\ be VimilaU, Whe\ mXVW be adapWed Wo oXU needV.

SLde QRWe: RDF TULSOeV

DigiWal hXmaniWieV loYeV¬RDF¬(ReVoXUce DeVcUipWion FUameZoUk), Zhich iV eVVenWiall\ a meWhod of VWoUing and embedding VWUXcWXUed daWa.¬RDF baVicall\
ZoUkV XVing VomeWhing called a¬Wriple; a VXbjecW, a pUedicaWe, and an objecW. ´MoUeWWi iV an aXWhoU of Graphs, Maps, and Treesµ iV an e[ample of a WUiple, ZheUe
´MoUeWWiµ iV Whe VXbjecW, ´iV an aXWhoU ofµ iV Whe pUedicaWe, and ´Graphs, Maps, and Treesµ iV Whe objecW. AV VXch, neaUl\ all RDF docXmenWV can be UepUeVenWed
aV a diUecWed neWZoUk. WheWheU WhaW UepUeVenWaWion ZoXld acWXall\ be XVefXl dependV on Whe ViWXaWion.

SLde QRWe: PeUVSecWLYeV

ConWe[W iV ke\, eVpeciall\ in Whe hXmaniWieV. One Whing Whe laVW feZ decadeV haV WaXghW XV iV WhaW peUVpecWiYeV aUe eVVenWial, and an\ model of hXmaniW\ WhaW doeV
noW Wake inWo accoXnW iWV mXlWifaceWed naWXUe iV doomed Wo be foUeYeU incompleWe. AccoUding Wo Ale[, hiV fUiendV BeWW\ and CaUl aUe beVW fUiendV. AccoUding Wo
CaUl, he can·W acWXall\ VWand BeWW\. The VWUXcWXUe and naWXUe of a neWZoUk mighW change depending on Whe peUVpecWiYe of a paUWicXlaU node, and I knoZ of no
model WhaW capWXUeV WhiV comple[iW\. If \oX·Ue familiaU ZiWh VomeWhing WhaW mighW capWXUe WhiV, oU aUe ZoUking on iW \oXUVelf, pleaVe leW me knoZ Yia e-mail.

NeWZRUNV, ReYLVLWed

ThiV piece haV diVcXVVed Whe VimpleVW XniWV of neWZoUkV: Whe VWXff and Whe UelaWionVhipV WhaW connecW Whem. An\ neWZoUk anal\ViV appUoach mXVW VXbVcUibe Wo and
liYe ZiWh WhaW dXaliW\ of objecWV. HXmaniVWV face pUoblemV fUom Whe oXWVeW: daWa WhaW do noW ÀW neaWl\ inWo one caWegoU\ oU Whe oWheU, comple[ ViWXaWionV WhaW
oXghW noW be UedXced, and meWhodV WhaW ZeUe deYeloped ZiWh diffeUenW pXUpoVeV in mind. HoZeYeU, neWZoUk anal\ViV UemainV a Yiable meWhodolog\ foU
anVZeUing and UaiVing hXmaniVWic TXeVWionV³Ze Vimpl\ mXVW be caXWioXV, and mXVW be Zilling Wo geW oXU handV diUW\ ediWing Whe algoUiWhmV Wo VXiW oXU needV.

PaUW II: NRde DegUee: AQ IQWURdXcWLRQ

In PaUW II, I Zill coYeU Whe decepWiYel\ Vimple concepW of¬node degree. I Va\ ´decepWiYeµ becaXVe, on Whe one hand, neWZoUk degUee can Well \oX TXiWe a loW. On
Whe oWheU hand, degUee can ofWen lead one aVWUa\, eVpeciall\ aV neWZoUkV become laUgeU and moUe complicaWed.

A node·V¬degree¬iV, Vimpl\, hoZ man\ edgeV iW iV connecWed Wo. GeneUall\, WhiV alVo¬coUUelaWeV Wo hoZ man\¬neighbors¬a node haV, ZheUe a node·V neighboUhood
iV WhoVe oWheU nodeV connecWed diUecWl\ Wo iW b\ an edge.¬In Whe neWZoUk beloZ, each node iV labeled b\ iWV degUee.

Each node in Whe neWZoUk iV labeled ZiWh iWV
degUee, fUom Zikipedia.oUg

If \oX Wake a minXWe Wo VWXd\ Whe neWZoUk, VomeWhing mighW VWUike \oX aV odd. The boWWom-UighW node, ZiWh degUee 5, iV connecWed Wo onl\ foXU diVWincW edgeV,
and Ueall\ onl\ WhUee oWheU nodeV (foXU, inclXding iWVelf). Self-loops, Zhich Zill be diVcXVVed laWeU,¬aUe coXnWed WZice. A Velf-loop iV an\ edge Zhich VWaUWV and
endV aW Whe Vame node.

Wh\¬aUe Velf-loopV coXnWed WZice? Well, aV a UXle of WhXmb \oX can Va\ WhaW, Vince Whe degUee iV Whe nXmbeU of WimeV Whe node iV connecWed Wo an edge, and a
Velf-loop connecWV Wo a node WZice, WhaW·V Whe UeaVon. TheUe aUe Vome moUe maWh-\ UeaVonV dealing ZiWh maWUi[ UepUeVenWaWion, anoWheU Wopic foU a laWeU daWe.
SXfÀce iW Wo Va\ WhaW man\ neWZoUk algoUiWhmV Zill noW ZoUk Zell if Velf-loopV aUe onl\ coXnWed once.

The odd node oXW on Whe boWWom lefW, ZiWh degUee ]eUo, iV called an¬isolaWe. An iVolaWe iV an\ node ZiWh no edgeV.
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AW an\ UaWe, Whe concepW iV cleaUl\ Vimple enoXgh. CoXnW Whe nXmbeU of WimeV a node iV connecWed Wo an edge, geW Whe degUee. If onl\ geWWing higheU edXcaWion
degUeeV ZeUe WhiV eaV\.

CeQWUaOLW\

Node degUee iV occaVionall\ called¬degree cenWraliW\.¬CenWUaliW\¬iV geneUall\ XVed Wo deWeUmine hoZ impoUWanW nodeV aUe in a neWZoUk, and loWV of cleYeU
UeVeaUcheUV haYe come Xp ZiWh loWV of cleYeU Za\V Wo meaVXUe iW. ´ImpoUWanceµ can mean a loW of WhingV. In Vocial neWZoUkV, cenWUaliW\ can be Whe amoXnW of
inÁXence oU poZeU Vomeone haV; in Whe U.S. elecWUical gUid neWZoUk, cenWUaliW\ mighW mean Zhich poZeU VWaWion VhoXld be UemoYed Wo caXVe Whe moVW damage Wo
Whe neWZoUk.

The VimpleVW Za\ of meaVXUing node impoUWance iV Wo jXVW look aW iWV degUee.¬ThiV cenWUaliW\ meaVXUemenW aW once VeemV deepl\ inWXiWiYe and e[WUemel\ Vill\. If
Ze·Ue looking aW Whe Vocial neWZoUk of Facebook, ZiWh eYeU\ peUVon a node connecWed b\ an edge Wo WheiU fUiendV, iW·V no VXUpUiVe WhaW Whe moVW Zell-connecWed
peUVon iV pUobabl\ alVo Whe moVW poZeUfXl and inÁXenWial in Whe Vocial Vpace. On Whe Vame Woken, WhoXgh, degUee cenWUaliW\ iV VXch a coaUVe-gUained
meaVXUemenW WhaW iW·V Ueall\ an\bod\·V gXeVV ZhaW¬e[acWl\¬iW·V meaVXUing. IW coXld mean Vomeone haV a loW of poZeU; iW coXld alVo mean WhaW Vomeone WUied Wo
become fUiendV ZiWh abVolXWel\ eYeU\bod\ on Facebook. Recall Whe e[ample of a ciW\-Wo-ciW\ neWZoUk fUom PaUW I of WhiV VeUieV: LoXiVYille ZaV Whe moVW cenWUal
ciW\ becaXVe \oX haYe Wo dUiYe WhUoXgh iW Wo geW Wo Whe moVW oWheUV.

DegUee CeQWUaOLW\ SaPSOLQg WaUQLQgV

DegUee ZoUkV beVW aV a meaVXUe of neWZoUk cenWUaliW\ Zhen \oX haYe¬fXll knoZledge¬of Whe neWZoUk. ThaW iV, a Vocial neWZoUk e[iVWV, and inVWead of geWWing
Vome glimpVe of iW and anal\]ing jXVW WhaW, \oX haYe Whe enWiUe conWe[W of Whe Vocial neWZoUk: all Whe fUiendV, all Whe fUiendV of fUiendV, and Vo foUWh.

When \oX haYe an¬ego-neWZork¬(a neWZoUk of one peUVon, like a liVW of all m\ fUiendV and Zho among Whem aUe fUiendV ZiWh one anoWheU), cleaUl\ Whe node ZiWh
Whe higheVW cenWUaliW\ iV Whe ego node iWVelf. ThiV knoZledge WellV \oX YeU\ liWWle aboXW ZheWheU WhaW ego iV acWXall\ cenWUal ZiWhin Whe laUgeU neWZoUk, becaXVe \oX
Vampled Whe neWZoUk¬sXch WhaW Whe ego is necessaril\ Whe mosW cenWral.¬Sampling VWUaWegieV³hoZ \oX pick Zhich nodeV and edgeV Wo collecW³can
fXndamenWall\ affecW cenWUaliW\ VcoUeV. The ciW\-Wo-ciW\ neWZoUk fUom PaUW I haV LoXiVYille aV Whe moVW cenWUal ciW\, hoZeYeU a Vimple look aW a map of Whe UniWed
SWaeV ZoXld VhoZ WhaW, giYen moUe daWa, WhiV ZoXld no longeU be Whe caVe.

An ego neWZoUk fUom Zikipedia.oUg

A hiVWoUian of Vcience mighW geneUaWe a coUUeVpondence neWZoUk fUom eaUl\ modeUn leWWeUV cXUUenWl\ held in O[foUd·V libUaU\. In facW, WhiV iV cXUUenWl\
happening, and Whe UeVXlWing UeVoXUce Zill be inYalXable. UnfoUWXnaWel\, cenWUaliW\ VcoUeV geneUaWed fUom nodeV in WhaW eaUl\ modeUn leWWeU ZUiWing neWZoUk Zill
moUe accXUaWel\ UeÁecW Whe ZhimV of O[foUd ediWoUV and collecWoUV oYeU Whe \eaUV, UaWheU Whan Whe XndeUl\ing coUUeVpondence neWZoUk iWVelf. O[foUd VcholaUV
oYeU Whe \eaUV VelecWed ceUWain collecWionV of leWWeUV, be Whe\ fUom GUeaW People oU VenW Wo oU fUom O[foUd, and WhaW choice of ZhaW Wo hold aW O[foUd libUaUieV
Zill biaV cenWUaliW\ VcoUeV WoZaUd O[foUd-baVed VcholaUV, GUeaW People, and ZhaWeYeU elVe ZaV VelecWed foU.

SimilaUl\, Whe geneUaWion of a Vocial neWZoUk fUom a liWeUaU\ ZoUk Zill biaV Whe UecXUUing chaUacWeUV; chaUacWeUV WhaW occXU moUe fUeTXenWl\ aUe Vimpl\
VWaWiVWicall\ moUe likel\ Wo appeaU ZiWh moUe people, and aV VXch Zill haYe Whe higheVW degUeeV. IW iV likel\ WhaW Whe degUee cenWUaliW\ and fUeTXenc\ of chaUacWeU
occXUUence aUe almoVW e[acWl\ coUUelaWed.

Of coXUVe, if ZhaW \oX·Ue looking foU iV¬Whe mosW cenWral characWer in Whe noYel¬oU¬Whe mosW cenWral ÀgXre from O[ford·s perspecWiYe, WhiV meaVXUemenW mighW be
peUfecWl\ VXfÀcienW. The impoUWanW Whing iV Wo be aZaUe of Whe limiWaWionV of degUee cenWUaliW\, and Whe poVVible biaVing effecWV fUom VelecWion and Vampling. Once
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WhoVe biaVeV aUe e[pliciW, caUefXl and XVefXl infeUenceV can VWill be dUaZn.

ThingV geW a biW moUe complicaWed Zhen looking aW docXmenW VimilaUiW\ neWZoUkV. If \oX·Ye goW a neWZoUk of bookV ZiWh edgeV connecWing Whem baVed on
ZheWheU Whe\ VhaUe VimilaU WopicV oU ke\ZoUdV, \oXU degUee cenWUaliW\ VcoUe Zill mean VomeWhing¬Yer\ differenW. In WhiV caVe, cenWUaliW\ coXld mean Whe moVW
geneUal book. Keep in mind WhaW book lengWh mighW affecW WheVe meaVXUemenWV aV Zell; Whe longeU a book iV, Whe moUe likel\¬(b\ chance alone) iW Zill coYeU moUe
WopicV. ThXV, longeU bookV ma\ alVo appeaU Wo be moUe cenWUal, if one iV noW caUefXl in geneUaWing Whe neWZoUk.

DegUee CeQWUaOLW\ LQ BLPRdaO NeWZRUNV

Recall WhaW bimodal neWZoUkV aUe oneV ZheUe WheUe aUe WZo diffeUenW W\peV of nodeV (e.g., aUWicleV and aXWhoUV), and edgeV aUe UelaWionVhipV WhaW bUidge WhoVe
W\peV (e.g., aXWhoUVhipV). In WhiV e[ample, Whe moUe aUWicleV an aXWhoU haV pXbliVhed, Whe moUe cenWUal Vhe iV. DegUee cenWUaliW\ ZoXld haYe noWhing Wo do, in WhiV
caVe, ZiWh Whe nXmbeU of co-aXWhoUVhipV, Whe poViWion in Whe Vocial neWZoUk, eWc.

WiWh an eYen moUe mXlWimodal neWZoUk, haYing man\ W\peV of nodeV, degUee cenWUaliW\ becomeV eYen leVV Zell deÀned. AV Whe VoUWV of WhingV a node can
connecW Wo incUeaVeV, Whe XWiliW\ of Vimpl\ coXnWing Whe nXmbeU of connecWionV a node haV decUeaVeV.

MLcUR YV. MacUR

Looking aW Whe degUee of an indiYidXal node, and compaUing iW againVW oWheUV in Whe neWZoUk, iV XVefXl foU Ànding oXW aboXW Whe UelaWiYe poViWion of WhaW node
ZiWhin Whe neWZoUk. Looking aW Whe degUee¬of eYer\ node aW once¬WXUnV oXW Wo be e[cepWionall\ XVefXl foU Walking aboXW Whe neWZoUk aV a Zhole, and compaUing iW
Wo oWheUV. I·ll leaYe a WhoUoXgh diVcXVVion of degUee diVWUibXWionV foU a laWeU poVW, bXW iW·V ZoUWh menWioning Whem in bUief heUe. The degUee diVWUibXWion VhoZV
hoZ man\ nodeV haYe hoZ man\ edgeV.

AV iW happenV, man\ Ueal ZoUld neWZoUkV e[hibiW VomeWhing called ´poZeU-laZ pUopeUWieVµ in WheiU degUee diVWUibXWionV. WhaW WhiV eVVenWiall\ meanV iV WhaW a
Vmall nXmbeU of nodeV haYe an e[cepWionall\ high degUee, ZheUeaV moVW nodeV haYe YeU\ loZ degUeeV. B\ compaUing Whe degUee diVWUibXWionV of WZo neWZoUkV,
iW iV poVVible Wo Va\ ZheWheU Whe\ aUe VWUXcWXUall\ VimilaU.¬TheUe·V been Vome fanWaVWic ZoUk compaUing Whe degUee diVWUibXWion of Vocial neWZoUkV in YaUioXV
pla\V and noYelV Wo Ànd if Whe\ aUe ZUiWWen oU VWUXcWXUed VimilaUl\.

E[WeQdLQg DegUee

FoU Whe enWiUeW\ of WhiV piece, I haYe been Walking aboXW neWZoUkV WhaW ZeUe XnZeighWed and XndiUecWed. EYeU\ edge coXnWed jXVW aV mXch aV eYeU\ oWheU, and
Whe\ ZeUe all¬s\mmeWric¬(a connecWion fUom A Wo B implieV Whe Vame connecWion fUom B Wo A). DegUee can be e[Wended Wo boWh ZeighWed and diUecWed
(as\mmeWric) neWZoUkV ZiWh UelaWiYe eaVe.

Combining degUee ZiWh edge ZeighWV iV ofWen called¬sWrengWh. The VWUengWh of a node iV Whe VXm of Whe ZeighWV of iWV edgeV. FoU e[ample, leW·V Va\ SWeYe iV paUW
of a ZeighWed Vocial neWZoUk. The ÀUVW Wime he inWeUacWV ZiWh Vomeone, an edge iV cUeaWed Wo connecW Whe WZo ZiWh a ZeighW of 1. EYeU\ VXbVeTXenW inWeUacWion
incUemenWall\ incUeaVeV Whe ZeighW b\ 1, Vo if he·V inWeUacWed ZiWh Sall\ foXU WimeV, SamanWha WZo WimeV, and SalYadoU Vi[ WimeV, Whe edge ZeighWV beWZeen Whem
aUe 4, 2, and 6 UeVpecWiYel\.

In Whe aboYe e[ample, becaXVe SWeYe iV connecWed Wo WhUee people, hiV degUee iV 1+1+1=3. BecaXVe he iV connecWed Wo one of Whem foXU WimeV, anoWheU WZice, and
anoWheU Vi[ WimeV, hiV ZeighW iV 4+2+6=8.

Combining degUee ZiWh diUecWed edgeV iV alVo TXiWe Vimple. InVWead of one degUee VcoUe, eYeU\ node noZ haV WZo diffeUenW degUeeV:¬in-degree¬and¬oXW-degree.
The in-degUee iV Whe nXmbeU of edgeV poinWing Wo a node, and Whe oXW-degUee iV Whe nXmbeU of edgeV poinWing aZa\ fUom iW. If SWeYe¬borroZed¬mone\ fUom Sall\,
and lenW¬mone\ Wo SamanWha and SalYadoU, hiV in-degUee mighW be¬1¬and hiV oXW-degUee¬2.

PRZeUfXO DegUeeV

The degUee of a node iV Ueall\ YeU\ Vimple: moUe connecWionV, higheU degUee. HoZeYeU, WhiV Vimple meWUic accoXnWV foU TXiWe a gUeaW deal in neWZoUk Vcience.
Man\ algoUiWhmV WhaW anal\]e boWh node-leYel pUopeUWieV and neWZoUk-leYel pUopeUWieV aUe cloVel\ coUUelaWed ZiWh degUee and degUee diVWUibXWion. ThiV iV
a¬paUeWo-like effecW; a gUeaW deal aboXW a neWZoUk iV dUiYen b\ Whe degUee of iWV nodeV.

While degUee-baVed UeVXlWV aUe ofWen inWXiWiYe, iW iV ZoUWh poinWing oXW WhaW Whe pUime impoUWance of degUee iV a diUecW UeVXlW of Whe binaU\ neWZoUk UepUeVenWaWion
of nodeV and edgeV. InWeUacWionV eiWheU happen oU Whe\ don·W, and eYeU\Whing WhaW¬is¬iV a Velf-conWained node oU edge. ThXV, hoZ man\ nodeV, hoZ man\ edgeV,
and Zhich nodeV haYe Zhich edgeV Zill be Whe dUiYing foUce of an\ neWZoUk anal\ViV. ThiV iV boWh a limiWaWion and a VWUengWh; baVic coXnWV inÁXence Vo mXch,
\eW Whe\ aUe appaUenWl\ poZeUfXl enoXgh Wo \ield inWXiWiYe, inWeUeVWing, and XlWimaWel\ XVefXl UeVXlWV.

¬

OUiginall\ pXbliVhed b\ ScoWW WeingaUW on¬DecembeU 14, 2011¬and¬DecembeU 17, 2011. ReYiVed MaUch 2012.

I plan Wo conWinXe blogging aboXW neWZoUk anal\ViV, Vo if \oX haYe an\ UeTXeVWV, pleaVe feel fUee Wo geW in WoXch ZiWh me aW VcbZeing aW indiana doW edX.
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