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1. fejezet

Summary in Hungarian

1.1. Bevezetés

Az értekezés nagy részében grafok metszési szamainak a tulajdonsagait vizs-
galjuk, és kapcsolatot keresiink mas graf paraméterekkel és tulajdonsagokkal.
Az utolsé fejezetben a metszési szamokkal szorosan Osszefliggé k-halmaz
problémaval kapcsolatos eredményeket ismertetjiik.

Egy graf lerajzolasa a sikra egy olyan reprezentécio, ahol a csticsoknak
pontok, az éleknek pedig a megfelel6 pontokat 6sszekoté gorbék felelnek meg.
Ha nem okoz félreértést, a szévegben nem tesziink kiilonbséget a graf csiicsa
és az Ot reprezentald pont, illetve az él és az 6t reprezentdld gorbe kozott.
A lerajzolasoknal feltessziik, hogy (i) semelyik él sem tartalmaz a belsejében
cstcsot, (ii) barmely két élnek véges sok kozos belsé pontja van és ezek min-
degyikében metszik egymaést, (iii) harom vagy t6bb él nem metszi egymadst
egy pontban.

Egy G graf metszési szima CR(G) az él-metszések minimalis szama G
Osszes lerajzolasara. A metszési szam vizsgalatat 1944-ben Turan Pél kez-
deményezte egy gyakorlati probléma kapcsan. Munkaszolgalatosként téglaval
megrakott vasuti kocsikat kellett tologatniuk a kemencéktol a raktarépii-
letekig. Az igazan komoly nehézséget a keresztezddések okoztak. Ha n ke-
mence és m raktarépiilet van és minden kemence és raktar kézott van sin,
akkor a legjobb esetben CR(K, ,,) keresztez6dés van.

Gréfok metszési szamanak meghatarozasa nagyon nehéz, részben a kiilon-
b6z06 lerajzolasok ériasi nagy szama és attekinthetetlensége miatt. Garey és
Johnson be is lattdk, hogy a metszési szadm meghatarozasa NP-teljes feladat



[GJ83]. Csak nagyon kicsi vagy nagyon specidlis grafok metszési szamat
tudtédk eddig pontosan meghatdrozni. Altaldban viszonylag konnyl |, ki-
taldlni” egy graf legjobb lerajzolasat, és az also korlat bizonyitasa okoz gon-
dot. Legtobbszor sok 1épésben, egyre kifinomultabb leszamlalasokon keresztiil
kozelediink a célhoz [LVWWO04], [AF05], [BS06], [AGORO06].

Példaul az emlitett CR(K,,,,) metszési szdm értéke Zarankiewicz [Z54]
sejtése szerint | 2] ["51] | 2] [™5+]. A sejtett legjobb lerajzolds a kovetkezd.
A egyik osztaly n cstcsa koziil tegyiink |n/2] darabot a pozitiv z-tengelyre,
a tobbit a negativ z-tengelyre, és hasonléan, a maésik osztaly m cstcsa
koziil tegyiink |m/2| darabot a pozitiv y-tengelyre, a tobbit a negativ y-
tengelyre. A éleket egyenes szakaszként htizzuk be a megfelelé pontok kozott.
Zarankiewicz [Z54] sejtését Kleitman [K70] igazolta abban az esetben, ha m
legfeljebb 6, és Woodall [W93] m = 7, n < 10 esetén. Altaldban a legjobb
alsé korlat m?n? /20 kortil van.

A metszési szamok vizsgalata tjabb lendiiletet kapott, amikor Leighton
munkéssdga [L.83] nyomédn kideriilt, hogy a metszési szaimoknak nagy je-
lentésége van a nyomtatott aramkorok tervezésénél. Leighton, és téle fligget-
lentil Ajtai, Chvatal, Newborn és Szemerédi [ACNS82] igazoltdk a kovetkezd,
Metszési Lemmaénak nevezett egyenlotlenséget. Ha a G grafnak n csicsa és
e > 4n éle van, akkor CR(G) > 6%12—2. Ez a korldt a konstanstél eltekintve
nem javithato, a jelenleg ismert legjobb konstansok megtalalhatéak a dolgo-
zat elsé fejezetében.

Megjegyezziik, hogy e = 3n—6 esetén még elképzelhet6, hogy CR(G) = 0,
ezért sziikséges az élek szamat alulrdl korlatozni. De az e > 4n feltétel helyett
barmilyen e > cn, ¢ > 3 feltétellel is kimondhattuk volna a Metszési Lemmat,
viszont minél kozelebb van ¢ a 3-hoz, anndl kisebb szamot kell irnunk az 6%1
egyiitthato helyére.

A Metszési Lemma akkor keriilt kiillonosen az érdeklédés kozéppontjaba,
amikor 1995-ben Székely Laszlé egy 1j modszer segitségével egy 1j alka-
Imazési teriiletet talalt. Szamos nehéz vagy nehéznek tartott korlat a geome-
triai illeszkedések témakorében egyszeriien kovetkezik a Metszési Lemmébol.
Ennek illusztréldséra tekintsiik a Szemerédi-Trotter tételt [ST83], amely sz-
erint n pont és m egyenes kozott legfeljebb O(n?3m?® 4 n 4+ m) illeszkedés
lehet. Ez a korlat is a konstanstdl eltekintve pontos. Székely modszere
a kovetkezo: Tekintstink n pontot és m egyenest, és tegyiikk fol hogy [
illeszkedés van koztiikk. Definidljunk egy lerajzolt grafot, amelynek csticsai
a pontok, és mindegyik egyenesen kossiik 0ssze a szomszédos pontokat. fgy
egy n csucsu és [ — m éli grafot kapunk. A Metszési Lemma alapjan ha
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(I-m)3
)

I—m > 4n akkor a metszési szam legalabb 6%1 . Ugyanakkor a metszések

mindegyike az m egyenes egyik metszéspontja, tehat legfeljebb (’;L) metszés
lehet. Innen azonnal addédik a tétel. A dolgozat méasodik fejezetében meg-
talalhatdak a részletek.

Székely modszerét azota messzemenden altalanositottdk, és nagyon sok
helyen alkalmaztdk, [SST99], [PS98], [E02], [D9S].

Az egyik fontos alkalmazasi teriilet a k-halmaz probléma. Adott n pont
a sikon, k-halmaznak neveziink egy olyan részhalmazt, amely szepardlhaté a
maradék n—k ponttdl egy egyenessel. A k-halmaz problémakdr legfontosabb
kérdése az, hogy egy n pontt halmaznak legfeljebb hany k-halmaza lehet. A
problémat elszor Erdés, Lovdsz, Simmons és Straus [L71], [ELSS73] vetették
fel, majd Edelsbrunner és Welzl [EWS85], [EWS86] vették észre a feladat,
kiilonosen a dudlis verzié fontossagat a szamitégépes grafikdban és geome-
triai algoritmusok analizisében és tervezésében. A probléma dudlis verzidja
a kovetkezo. Adott n nem fiiggdleges egyenes a sikon, legfeljebb hany olyan
metszéspont van, amely alatt k — 1 egyenes van. Ettdl kezdve a probléméval
nagyon sokan foglalkoztak, mind az elméleti jelentésége, mind a gyakorlati
alkalmazasok miatt. A problémat magasabb dimenzidban is vizsgaltdk, de a
pontos korlat megéllapitasa szinte reménytelennek tiinik, még a sikon is.

A tovébbiakban részletezziik a disszertacié fobb eredményeit.

1.2. A Metszési Lemma és élesitésel

Metszési Lemma ([ACNS82], [L83]) Minden n csicsi és e > 4n éli G

grafra CrR(G) > 6%12—2 és ez a korlat konstanstol eltekintve nem javithato.

Taldn a legegyszeriibb bizonyitds a kovetkezd otleten alapul: Tudjuk,
hogy egy sikgrafnak legfeljebb 3n — 6 éle lehet. Ebbdl konnyen kovetkezik,
hogy minden grafra CR(G) > e — (3n — 6), hiszen egy maximalis sikbarajzolt
részgraf valamelyik élét minden tovabbi él metszi. Ezutan tekintsiink egy
tetszoleges G grafot, és vegyiik egy véletlen, ritka részgrafjat, vagyis akkora
valészintiséggel valasszuk ki a cstucsait, hogy az altaluk feszitett részgrafnak
varhatéan alig tobb éle legyen mint egy sikgrafnak. Erre a részgrafra pedig
alkalmazzuk az elobbi egyszerii egyenlétlenséget. Innen az eredmény egy kis
szamolassal kovetkezik; a részletek megtaldlhatdéak a masodik fejezetben.

Azt, hogy a korlat nagysdgrendileg nem javithatd, legegyszeriibben egy
olyan graf mutatja, amely egyforma, koriilbeliil = méretii teljes grafok disz-
junkt unidja. Kicsit pontosabban: osszuk az n csicsot 2—; méreti blokkokba,
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minden blokkon beliill htizzuk be az Osszes élt, a blokkok kozott pedig ne
legyen él. Ennek a grafnak n csicsa és koriilbeliil e éle van, mindegyik blokk
metszési szama cfl—i, ’2‘—2 darab blokk van és lerajzolhatéak a blokkok gy,
hogy a kiilonboz6 blokkok élei nem metszik egymast. fgy azt kapjuk, hogy
a metszési szam cfl—z valamilyen ¢ konstansra.

Nézziik meg egy kicsit kozelebbrol a CR(G) > e—(3n—6) egyenlétlenséget!
Egy masik lehetséges bizonyitasa az élek szamara vonatkozé indukcié. Ha
e < 3n — 6, akkor az allitas nyilvanvald, ha pedig e > 3n — 6, akkor a graf
nem sikgraf. Hagyjunk el egy élet, amin van metszés, és hasznaljuk az in-
dukcios feltevést. A korlat nem javithato, ha e 3n — 6 kozelében van, de
nagyobb e esetén vélhetéen nem pontos, hiszen ha a grafnak sok éle van,
akkor kell lenni olyan élnek is, amin nem egy, hanem tobb metszés van.
Ennek elhagyasaval erésebb korlatot bizonyithatunk. Ezen az tton el6szor
Pach Jénossal indultunk el 1995-ben. Legyen ex(n) egy n cstcsu graf éleinek
maximalis szdama, amely ugy lerajzolhatd, hogy minden élen legfeljebb k
metszés van. Vilagos, hogy eg(n) = 3n — 6. Beldttuk, hogy ha 0 < k < 4,
akkor ex(n) < (k + 3)(n — 2). Ennek segitségével a CR(G) > e — (3n — 6)
egyenl6tlenségnél joval er6sebb CR(G) > He — 25n egyenlotlenséget, és ezt

felhasznalva az - konstans helyett Tlﬁ—et kaphatunk. Belattuk azt is, hogy

az e1(n) < 4n—g4és ea(n) < 5n—10 egyenlétlenségek pontosak, viszont es(n)
esetében mar nem talalkozott az alsé és fels6 korlatunk. A mésik gyenge pon-
tja az emlitett korlatoknak az, hogy csak olyan lerajzolasokat engedhettiink
meg, amelyekben barmely két élnek csak egy kozos pontja van, amely vagy
kozos végpont vagy metszéspont. Pach Janossal, Rados Radoi¢i¢-csel és Tar-
dos Géaborral pontositottuk a korlatot, és dltalanositottuk az eredményeket

olyan lerajzolasokra is, ahol az élek akarmilyen sokszor metszhetik egymast.

1. Tétel. Ha egyn csiucsu grdf lerajzolhato gy hogy barmelyik élén legfeljebb
3 metszés van, akkor az élek szama legfeljebb 5.5(n — 2). Ez a korldt egy
additiv konstanstol eltekintve pontos.

Az 1. Tétel és tovabbi észrevételek felhasznalasaval azt kaphatjuk, hogy

minden n csticstt és e élii G grafra CR(G) > 4de — 1Bn, és végil, ezt az
egyenlotlenséget hasznéalva, a Metszési Lemmat a kovetkezo formaban kapjuk,

az eddig ismert legjobb konstanssal.
2. Tétel. Minden n csicsi és e > 18n élii G grafra CR(G) > 0.0322—2.

Azt is belattuk, hogy a fenti allitas mar nem teljesiil, ha a konstans helyére
0.09-et irunk.



De vajon egyaltalan beszélhetiink ,legjobb” konstansrél? Pach Janossal
és Joel Spencerrel, Erdds és Guy régi sejtését igazolva bebizonyitottuk, hogy
igen, a kovetkez6 értelemben: Legyen k(n,e) az n csicsu és e éli grafok
metszési szamanak a minimuma, azaz

k(n,e) = min  CR(G)
n(G)=n
e(G)=e

3. Tétel. Han < e < n?, akkor a

n2
lim k(n,e)—=C>0

n—o00 e3 -
hatarértek létezik.

Az a < b jelolés azt jelenti, hogy a = o(b). A 2. Tétel és az utdna levé
megjegyzés alapjan tehat 0.032 < C' < 0.09. Azt nem tudtuk eldonteni, hogy
valéban sziikség van-e az n < e < n? feltételre. Elképzelhetd, hogy a jéval
gyengébb Cin < e < Con? feltétel is elegendd. Ha igen, akkor C; > 3, hiszen
k(n,3n) = 6. Ugyanakkor a teljes graf metszési szdmara ismert alsé korlat
[G72] alapjdn ldthatjuk, hogy e = (g) helyettesitéssel a tételben szereplé C

konstansnal nagyobb szamot kapunk, tehéat a feltételben Cy < %

Egy graf vastagsiga (bisection width, b(G)) azon élek minimélis szdma,
amelyek elhagydsdval a graf két, kozel egyforma (legaldbb n/3 csticst) részre
bomlik f6l. Ez a paraméter rendkiviil hasznos a rekurziv algoritmusok ter-
vezésében és elemzésében, és rekurziv bizonyitasokban. Pach, Shahrokhi és
Szegedy bizonyitottdk a kovetkezd Osszefiiggést a vastagsdg és a metszési
szam kozott. Tetszoleges G n csucsu grafra amelyben a csicsok fokai dy, ds,

<oy,

b(G) < 104/CrR(G) + 2, id?. (1.1)

Ez durvan szolva azt jelenti, hogy egy kis metszési szamu grafnak a
vastagsaga is kicsi. Ebben az értelemben ez a sikgrafokra vonatkozdé Lipton-
Tarjan szeparator tétel [LT79] altaldnositdsa. Ezt felhasznédlva beldthatd,
hogy azoknak a grafoknak, amelyeknek a metszési szdma e3/n? kozelében
van, nagyon specialis strukturajuk van, nagyon hasonldéak a mar emlitett



példédhoz. A csticsok beoszthatéak nagysigrendileg egyforma nagy, ce/n mé-
retll blokkokra gy, hogy a blokkok pozitiv stirtiségii részgrafokat feszitenek,
mig a blokkok kozotti élek halmaza 6sszesen is csak egy elhanyagolhato része
az Osszes €lnek. Tehat ha a grafnak valamilyen olyan tulajdonsidga van amely
lehetetlenné teszi a pozitiv strliségu részgrafokat, akkor a metszési szamra
adott ce®/n? alsé korlat javithaté.

Ez az észrevétel vezetett az extremalis grafelmélet és a metszési szamok
kozotti Osszefiiggés felismeréséhez. Nézziink erre egy példat! Ismert [R58],
hogy egy n csticst, 4 hosszi kort nem tartalmazé grafnak legfeljebb cn®/? éle
van.

4. Tétel. Ha a G grdifnak n csicsa és e éle van, és G nem tartalmaz 4
hosszu kort, akkor

és ez a korldt nagysdagrendileg nem javithato.

A példa, ami azt mutatja, hogy a korlat nem javithaté, nagyon hasonlé az
altalanos példahoz, amely megfelelé méretii teljes grafok unidja. Itt megfeleld
méretl extremadlis grdfok unidjat kell tekinteni.

Hasonlé eredményeket kaptunk mas tiltott részgrafok esetén, valamint
olyan grafokra, amelyekben nincs rovid kor, illetve altalaban minden olyan
orokléds gréftulajdonsagra, amelynél a maximdlis élszdm o(n?). Azokban
az esetekben, amikor a megfeleld extremélis grafelméleti feladatban az élek
maximalis szdma nagysdgrendileg ismert, ott a metszési szdmokra is nagy-
sagrendileg nem javithaté korlatot kapunk.

1.3. Egyéb metszési szamok

Egy graf metszési szamén dltaldban a ,,metszések minimélis szamat” [BL84|
értjik a graf osszes lerajzoldsara. Azonban ez a definicié pontositasra szorul.
Bizonyos szerzok felteszik, hogy egy lerajzolasban az élek csak egyenes sza-
kaszok lehetnek [J71]. Més esetekben gorbék is megengedettek. Ha az
élek gorbék, feltehetjiik, hogy barmely két élnek csak egy kozos pontja van
[WB78], [B91] [PT97], kozos végpont vagy metszéspont, illetve megenged-
hetjiik, hogy akdrhdny metszéspontjuk legyen [T70], [GJ83], [SSSVI7]|. Ez
utobbi esetben rdadasul szamolhatjuk a metszéspontokat, vagy a metsz6
élparokat filiggetleniil attol, hogy az élpar hanyszor metszi egyméast. Sot
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szamolhatjuk csak azokat az élparokat, amelyek pdratlan sokszor metszik
egymast. A tisztdzatlan definicidk miatt hibas, hianyos, vagy részben egy-
masnak ellentmondé allitasok jelentek meg, és a kutatok tobbsége nem volt
tudataban annak, hogy ezek az arnyalatnyi definicios kiilonbségek lényeges
eltérést eredményezhetnek. Pach Janossal rendet kivantunk teremteni ezen
a téren. Tekintsiik a kovetkezd négy metszési szamot.

LIN-CR(G), az egyenes vonali metszési szdm: a metszéspontok minimalis
szama a G gréaf olyan lerajzolasaira, ahol az élek egyenes szakaszok

CR(G) a kozdnséges metszési szam: a metszéspontok minimdlis széma a G
graf olyan lerajzoldsaira, ahol az élek tetszdleges gorbék.

PAIR-CR(G) a pdr-metszési szam: a metsz6 élparok minimalis szdma a G graf
olyan lerajzolasaira, ahol az élek tetszoleges gorbék.

ODD-CR(G) a pdratlan-metszési szam: az egymaést pdratlan sokszor metszo
élparok minimalis szama a G graf olyan lerajzolasaira, ahol az élek tetszdleges
gorbék.

Mindig feltessziik, hogy egy él nem megy at egy csicson, és két él kozos
pontja vagy kozos végpont vagy metszés (tehdt nem érinthetik egymadst).

Nyilvanvaléan CR(G) a ,;szokdsos” metszési szam, ezen dolgozat masodik
fejezete is errél a metszési szamrol szol. A definiciékbdl az is nyilvanvalo,

hogy
ODD-CR(G) < PAIR-CR(G) < CR(G) < LIN-CR(G)

minden G grafra. Nem nehéz belatni, hogy ha OoDD-CR(G) = 0, akkor G
nem tartalmazhat topologikus K5 és Ks3 részgrafokat, tehat Kuratowski
tétele alapjan sikgraf. Viszont ekkor CR(G) = PAIR-CR(G) = 0, s6t Fary
tétele miatt LIN-CR(G) = 0.

Bienstock és Dean [BD93] talaltak olyan G; grafokat, amelyekre CR(G;) =
4, de LIN-CR(G;) tetsz6legesen nagy. Tehat az egy nagyon lényeges kiilonbség,
hogy az élek egyenes szakaszok vagy gorbék, CR(G) értékének semmilyen
fiiggvényével sem lehet LIN-CR(G) értékét feliilrél becsiilni.

Pach Janossal bebizonyitottuk, hogy a masik harom metszési szamra nem
ez a helyzet, ODD-CR(G) illetve PAIR-CR(G) segitségével feliilr6l becsiilhetd
CRrR(G).

5. Tétel. Minden G grdfra
CR(G) < 2 - 0DD-CR(G)2.
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A bizonyitas lényege a kovetkez6: Induljunk ki egy lerajzoldasbdl, amely
ODD-CR(G) szempontjabdl optimadlis, vagyis ahol a paratlan sok pontban
metsz6 élparok szama éppen ODD-CR(G). Nevezziik pdros élnek azokat az
éleket, amelyeket minden mas él paros sokszor metsz, a tobbi élet meg
nevezzilk pdratlan élnek. Megmutatjuk, hogy a graf gy is lerajzolhaté hogy
a pdros €leket egyaltalan ne metssze semmi. Ezutdan mar konnyt elérni hogy a
pdratlan €élek kozil barmely kettd legfeljebb egyszer metssze egyméast. Mivel
a paratlan élek szama legfeljebb 2 - ODD-CR(G), az igy kapott lerajzoldsban
valéban kevesebb mint 2 - ODD-CR(G)? metszéspont van.

Mivel PAIR-CR(G) > 0DD-CR(G), nyilvdnvaléan CR(G) < 2-PAIR-CR(G)?
is teljesiil. Ezt a korlatot Pavel Valtr megjavitotta, bebizonyitotta, hogy
minden grifra CR(G) < ¢-PAIR-CR(G)?/ log PAIR-CR(G). Ezt sikeriilt tovdbb
javitanom.

6. Tétel. Minden G grdfra

CR(G) < ¢ PAIR-CR(G)?/log? PAIR-CR(G).

Ez a korlat valészintlileg még mindig nagyon gyenge, kiillonos tekintettel
arra, hogy lehetséges hogy minden G gréafra CR(G) = PAIR-CR(G).

Schaefer, Stefankovi¢ és Pelsmajer [PSS06] egy gyonyorti konstrukcié
segitségével megmutatték, hogy ODD-CR(G) viszont mar nem mindig egyenld
a masik két metszési szammal, mutattak olyan G grafot, amelyre ODD-CR(G)
< PAIR-CR(G), pontosabban tetszoleges ¢ > 0 konstanshoz konstrualtak
olyan G = G. grafot amelyre ODD-CR(G) < (v/3/2 + ¢) - PAIR-CR(G). Ezen
a korlaton sikeriilt minimélisan javitanom egy egészen més konstrukcioval.

7. Tétel. Minden ¢ > 0 konstanshoz létezik olyan G = G, grdf amelyre

ODD-CR(G) < <37\/5 - g + 5) PAIR-CR(G).

1.4. Véletlen grafok metszési szamai

Mar tudjuk, hogy egy n cstcst és e > 4n élu graf metszési szdma nagysag-
rendileg €3/n? és e? kozott van. De vajon mennyi egy tipikus graf metszési
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szama? Legyen G(n,p) egy n csicsi véletlen graf, amelynek barmely két
csucsa kozott egymastol fliggetleniil p valdszintiséggel hiizunk be élt. Az élek
szamanak varhato értéke e = p(g) Pach Janossal bebizonyitottuk, hogy
CR(G) varhat6 értéke nagysigrendileg a maximdlis e® kozelében van, s6t
értéke majdnem biztosan a varhatd érték kozelében van.

8. Tétel. Legyen G(n,p) egy n csucsu véletlen grdaf p él-valdsziniiséggel,

és legyen e = p(g), az élek szamanak vdrhato értéke. Ha e > 10n, akkor

majdnem biztosan

e2

> .
OR(G) = 1500

9. Tétel. Ugyanezekkel a jelolésekkel

Pr[|cR(G) — E[cR(G)]| > 3ae®?| < 3exp(—a’/4)
teljesiil minden olyan « szdmra, amelyre (e/4)%exp(—e/4) < a < +/e.

Mivel LIN-CR(G) > CR(G), a 8. Tétel allitdsa LIN-CR(G)-re is tel-
jesil. A bizonyitas ismét a mar emlitett, a metszési szam és vastagsag
kozotti oOsszefliggésen alapul. Ennek alapjan egy graf metszési szama alulrol
becsiilheto a vastagsdg segitségével. A vastagsdg varhaté értéke egy véletlen
grafnal pedig konnyen becstilhetd.

Joel Spencerrel tovabb vizsgaltuk véletlen grafok metszési szamait, és
tobb irdnyba is altalanositottuk és pontositottuk a 8. Tételt. A 9. Tétel

allitasa teljesiil a tobbi metszési szamra is, ugyanazzal a bizonyitassal.
Legyen

E [LIN-CR(G)]
o2

E [PAIR-CR(G)] E [0DD-CR(G)]
e? e?

ahol G = G(n,p). A definicié alapjdn nyilvanvalé hogy kKopp.cr(n,p) <

Kpamr-cr (1, D) < Ker(n, p) < Kun-cr(n, p) minden n-re és p-re.

E[cr(G)]

I K‘CR(nvp) = 62

HLIN-CR(”u p) =

J

K/PAIR—CR(n7p) = ) K‘ODD—CR(nup) =

J

10. Tétel. Tetszdleges n > 0-ra Kyx.cr(n, D), Kor(n, D), Kpamecr(n,P) €S
Kopp-cr (1, p) p ndvekvd, folytonos fiigguényei.

11. Tétel. Tetszbleges € > 0 esetén legyen p = p(n) = n°~1, ekkor

lim inf Kpag-cr(n, p) > 0, ligrl ior.}f Kopp-cr (1, p) > 0.

n—oo
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Itt az a {6 kiilonbség a 8. Tételhez képest hogy a mar emlitett, a graf
vastagsagan alapuld bizonyitasi modszert nem alkalmazhattuk, mivel a graf
vastagsdga és CR(G) kozotti Pach-Shahrokhi-Szegedy egyenl6tlenség (1.1)
megfelel6je nem ismert PAIR-CR(G)-vel, illetve ODD-CR(G)-vel. Csak j6val
gyengébb, szamunkra hasznalhatatlan egyenlotlenség ismert. Ezért mas mod-
szert kellett alkalmazni. Bebizonyitottuk, hogy nagy valdszintiséggel nagyon
sok topologikus K35 taldlhaté G(n,p)-ben, mindegyik egy-egy metszést je-
lent, és ebbdl becsiiljiik PAIR-CR(G) és ODD-CR(G) értékét. Ezt viszont csak
e > n°tl esetén tudtuk alkalmazni, mig a 8. Tételben elég volt feltenni,
hogy e > 10n. A kovetkezd tétel azt mutatja, hogy ezt a feltételt 1ényegesen
gyengithetjik.

12. Tétel. Tetszdleges ¢ > 1 esetén legyen p = p(n) = ¢/n, ekkor
lim inf Keg(n, p) > 0

A 12. Tétel természetesen ky.cr(n,p)-re is teljesiil. Itt viszont sokkal
erdsebb allitast is be tudtunk latni: rogzitett n-re K .cx (7, p) mint p fliggvénye
nagyon gyorsan eléri a maximumat.

13. Tétel. Ha p = p(n) > 2 akkor

' ' . LIN-CR(K,
nhjglo HLIN—CR(nap) = ,}HEO ’%LIN‘CR(n’ 1) - nhjgo ﬁ
2

1.5. A k-halmaz probléma

Ebben a fejezetben minden ponthalmazrol feltessziik, hogy altalanos helyzet-
ben van, vagyis nincs harom pont egy egyenesen. Legyen P egy n pontu hal-
maz a sikon. Egy k elemi részhalmazt k-halmaznak neveziink, ha elvalaszt-
haték a tobbi n — k ponttdl egy egyenessel. A kérdés az, hogy egy n elemii
ponthalmaznak legfeljebb hany k-halmaza lehet. Ez a kombinatorikus ge-
ometria talan egyik legizgalmasabb, méig megoldatlan kérdése. A problémat
atfogalmazhatjuk a kovetkez6 moédon. A P halmaz egy pontparjat k-élnek
nevezziik, ha az altaluk meghatarozott egyenes egyik oldaldan £ — 1, masik
oldalan n — k —1 pont van. Nem nehéz belatni hogy a k-élek és a k-halmazok
szama megegyezik, igy vizsgalhatjuk a k-élek szamat is.

Egy alkalmas dudlis transzformaciét alkalmazva a pontokbdl egyenesek,
a k-élekbol pedig olyan metszéspontok lesznek, amelyek alatt pontosan k& — 1
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egyenes van, folotte pedig n — k — 1. fgy kapjuk a k-szint problémat, amely
lényegében ekvivalens a k-halmaz problémaval. Adott n altaldnos helyzetii
egyenes (semelyik hdrom nem metszi egymds ugyanabban a pontban), egyik
sem fliggoleges. Tekintsiik az egyenesek azon pontjainak a halmazat, amelyek
alatt pontosan k masik egyenes van. Ez a halmaz az egyeneseken levo nyilt in-
tervallumokbdl all, amelyeknek a végpontjai a metszéspontok. A k-adik szint
ennek a halmaznak a relativ lezartja, vagyis hozzavessziik a metszéspontokat
is. fgy egy x-monoton toréttvonalat kapunk, amely minden metszéspontban
kanyarodik. A k-adik szint bonyolultsiga vagy hossza az 6t alkotd interval-
lumok szama, vagyis a kanyarok szama plusz egy. A k-szint probléma az,
hogy k altalanos, nem fiiggéleges egyenes halmazaban legfeljebb mekkora
lehet a k-adik szint bonyolultsiga.

A k-halmaz problémét el6szor Erdds, Lovész, Simmons és Straus [L71],
[ELSS73] vetették fel, és bebizonyitottak az O(nv/k) fels6 korlatot. Ezenkiviil
konstruéltak olyan ponthalmazt, amelynek € (nlog k) k-halmaza van. Edels-
brunner és Welzl [EWS85], [EW86] fogalmaztak meg elészor a probléma dudlis
verzidjat, és 6k vették észre a probléma fontossagat geometriai algoritmusok
elemzésében. Az alsé és felso korlatokon érdemben nem tudtak javitani. An-
nak ellenére, hogy a problémat intenziven vizsgaltak, a felso korlatot csak
20 évvel kés6bb Pach, Steiger és Szemerédi [PSS92] tudta megjavitani, egy
log™ k faktorral. Bebizonyitottdk, hogy egy n pontt halmaznak legfeljebb
O(nv'k/log* k) k-halmaza van. Végiil 1998-ban Tamal Dey [D98] ért el
attorést, Székely mar emlitett modszerét és a Metszési Lemmat zsenidlisan
alkalmazva. Az 6 felsé korlatja O(nv/k).

Az Q(nlogk) alsé korlatot viszont nem sikeriilt megjavitani, kivéve a
kisebb javitdsokat a konstans szorzén [EWS85], [E92], [E98], és sokan azt
sejtették, hogy ez a korlat az igazsag kozelében van. Ezt sikertiilt 2000-ben
megcafolni.

14. Tétel. Tetszbleges n, k, n > 2k > 0 szamokhoz létezik olyan n ponti
halmaz a sikon, amely k-halmazainak a szama

(o)

ne

A probléma természetesen &ltalanosithatdé magasabb dimenziéra is, és
ott még sokkal kevesebbet tudunk. A leginkabb vizsgalt eset az, amikor
k =n/2, azaz n paros. A kérdés ebben az esetben tigy is fogalmazhaté, hogy
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n altalanos helyzetli pont halmazat a d dimenzios térben hany kiilonbozo
moédon lehet félbevdgni egy hipersikkal. Jeldljitk ezt a szamot fy(n)-nel.
Ezzel a jeloléssel az elobb emlitett legjobb korlatok a sikban fo(n) = O(n*/3),
illetve fo(n) = nexp(Q(yIogn)). Az nyilvdnvalé, hogy fi(n) = O(n?).
Hérom dimenziéban az els6 javitast Bardny, Fiiredi és Lovész [BFLI0] érték
el, bebizonyitottak, hogy f3(n) = O(n3~1/343). Ezt javitotta Aronov, Chazelle,
Edelsbrunner, Guibas, Sharir és Wenger [ACE91], Eppstein [E93], majd Dey
és Edelsbrunner [DE94]. A jelenleg ismert legjobb fels§ korlat, f3(n) =
O(n®?), Sharir, Smorodinsky és Tardos [SST99] eredménye. Nemrég Ma-
tousek, Sharir, Smorodinsky és Wagner [MSSW06| altalanositotta a harom
dimenzids bizonyitasi médszereket négy dimenzidra, az 6 eredményiik fy(n) =
O(n*~%/%). Ennél magasabb dimenziéban a legjobb fels6 korlatot Zivaljevié
és Vrecica [ZV92] algebrai topoldgiai eredményébdl (sokszinti Tverberg tétel)
Alon, Bérdny, Fiiredi és Kleitman [ABFK92] vezette le, ennek értelmében
fa(n) = O(n?=¢a), ahol cq = (4d — 3)~<.

A legjobb alsé korldt minden dimenziéban a 14. Tétel egyszerii kovet-
kezménye.

15. Tétel. Tetszbleges paros n-re és d > 2-re

faln) = nd-te" (\/@) .

Térjiink vissza a sikra. Rados Radoic¢i¢-csel a k-szint problémanak egy
altalanositasat vizsgaltuk. Tekintsiink n dltalanos helyzeti egyenest. Egy a-
monoton torottvonal, amely az egyenesek szakaszaibol all, hossza az 6t alkotd
intervallumok szama, vagyis a rajta levé kanyarok szama plusz 1. Sharir
vetette fol a kérdést, hogy mekkora h(n), egy ilyen tordttvonal maximélis
hossza. Ez a kérdés tehat annyiban altaldanosabb a k-szint probléménal, hogy
az itt vizsgalt torottvonalaknak nem feltétleniil kell minden metszéspontban
kanyarodni.

Sharir és Meggido [E87] mutattdak meg, hogy h(n) = Q(n*?), Matousek
[M91] Q(n®/?)-re javitotta a korldtot. Ezt javitottuk tovabb.

16. Tétel. h(n) = Q(n"/*).
Azéta Balogh, Regev, Smyth, Steiger és Szegedy [BRSSS04] ezt az ered-

ményt jelentésen tovabb javitotta, az 6 alsé korltjuk h(n) = Q(n?~(@/V1en)
valamilyen d konstansra.
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A feladatra (72‘) trivialis fels6 korlat és a ma ismert legjobb, majdnem
trivialis korlat ennek lényegében a fele.
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Chapter 2

Improving the Crossing Lemma

This chapter is based on the manuscript [PRTT06]. Twenty years ago, Ajtai,
Chvatal, Newborn, Szemerédi, and, independently, Leighton discovered that
the crossing number of any graph with v vertices and e > 4v edges is at
least ce®/v?, where ¢ > 0 is an absolute constant. This result, known as the
‘Crossing Lemma,’” has found many important applications in discrete and
computational geometry. It is tight up to a multiplicative constant. Here
we improve the best known value of the constant by showing that the result
holds with ¢ > 1024/31827 > 0.032. The proof has two new ingredients,
interesting on their own right. We show that (1) if a graph can be drawn
in the plane so that every edge crosses at most 3 others, then its number of
edges cannot exceed 5.5(v — 2); and (2) the crossing number of any graph is
at least ge — Z(p — 2). Both bounds are tight up to an additive constant

3
(the latter one in the range 4v < e < 5v).

2.1 Introduction

Unless stated otherwise, the graphs considered in this paper have no loops
or parallel edges. The number of vertices and number of edges of a graph
G are denoted by v(G) and e(G), respectively. We say that G is drawn in
the plane if its vertices are represented by distinct points and its edges by
(possibly intersecting) Jordan arcs connecting the corresponding point pairs.
If it leads to no confusion, in terminology and notation we make no distinction
between the vertices of G and the corresponding points, or between the edges
and the corresponding Jordan arcs. We always assume that in a drawing (a)
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no edge passes through a vertex different from its endpoints, (b) no three
edges cross at the same point, (c¢) any two edges have only a finite number
of interior points in common, and at these points they properly cross, i.e.,
one of the edges passes from one side of the other edge to the other side (see
[P99], [P04]). A crossing between two edges is their common interior point
(if it exists). The crossing number of G, denoted by CR(G), is the minimum
number of crossings in a drawing of G satisfying the above conditions.
Ajtai, Chvatal, Newborn, and Szemerédi [ACNS82] and, independently,
Leighton [L83] have proved the following result, which is usually referred to
as the ‘Crossing Lemma.” The crossing number of any graph with v vertices

and e > 4v edges satisfies ,
le

CR(G) > ez
This result, which is tight apart from the value of the constant, has found
many applications in combinatorial geometry, convexity, number theory, and
VLSI design (see [L83], [S98], [PS98], [ENRO00], [STT02], [PT02]). In partic-
ular, it has played a pivotal role in obtaining the best known upper bound
on the number of k-sets [D98] and lower bound on the number of distinct
distances determined by n points in the plane [ST01], [KT04]. According
to a conjecture of Erdds and Guy [EG73], which was verified in [PST00], as
long as e/v — oo and e/v* — 0, the limit

. Cr(G)
lim min
V=00 p(G) =w 63/U2
e(G)=e

exists. The best known upper and lower bounds for this constant (roughly
0.09 and 1/33.75 ~ 0.029, resp.) were obtained in [PT97].

All known proofs of the Crossing Lemma are based on the trivial inequal-
ity CR(H) > e(H) — (3v(H) — 6), which is an immediate corollary of Euler’s
Polyhedral Formula (v(H) > 2). Applying this statement inductively to all
small (and, mostly sparse) subgraphs H C G or to a randomly selected one,
the lemma follows. The main idea in [PT97] was to obtain stronger inequal-
ities for the sparse subgraphs H, which have led to better lower bounds on
the crossing numbers of all graphs GG. In the present paper we follow the
same approach.

For k > 0, let ex(v) denote the maximum number of edges in a graph of
v > 2 vertices that can be drawn in the plane so that every edge is involved in
at most k crossings. By Euler’s Formula, we have ey(v) = 3(v—2). Pach and
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Téth [PTI7] proved that eg(v) < (k+3)(v—2), for 0 < k < 3. Moreover, for
0 < k < 2, these bounds are tight for infinitely many values of v. However,
for k = 3, there was a gap between the lower and upper estimates. Our first
theorem, whose proof is presented in Section 2.2, fills this gap.

Theorem 2.1.1. Let G be a graph on v > 3 vertices that can be drawn in
the plane so that each of its edges crosses at most three others. Then we have

e(G) < 5.5(v — 2).

Consequently, the maximum number of edges over all such graphs satisfies
e3(v) < 5.5(v —2), and this bound is tight up to an additive constant.

As we have pointed out before, the inequality eg(v) < 3(v—2) immediately
implies that if a graph G of v vertices has more than 3(v—2) edges, then every
edge beyond this threshold contributes at least one to CR(G). Similarly, it
follows from inequality e;(v) < 4(v — 2) that, if e(G) > 4(v — 2), then every
edge beyond 4(v — 2) must contribute an additional crossing to CR(G) (i.e.,
altogether at least two crossings). Summarizing, we obtain that

CR(G) = (e(G) =3 (v(G) = 2)) + (e(G) — 4 (v(G) - 2))

> 2e(G) —T(v(G)—2)

holds for every graph G. Both components of this inequality are tight, so
one might expect that their combination cannot be improved either, at least
in the range when e(G) is not much larger that 4(v — 2). However, this is
not the case, as is shown by our next result, proved in Section 2.3.

Theorem 2.1.2. The crossing number of any graph G with v(G) > 3 vertices
and e(G) edges satisfies

Cr(G) 2 £e(G) — 2 ((G) - 2).

This bound is tight up to an additive constant whenever 4 (v(G) —2) <
e(G) <5 (w(G) — 2).

As an application of the above two theorems, in Section 2.4 we establish
the following improved version of the Crossing Lemma.
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Theorem 2.1.3. The crossing number of any graph G satisfies

®

3(G
2(G

~—

>
CR(G) = 517

— 1.06v(G).

<

~—

If e(G) > u(G), we also have

1024 (G
> — .
CR(G) 2 31897 07(G)

~—

Note for comparison that 1024/31827 ~ 1/31.08 ~ 0.032.

In the last section, we adapt the ideas of Székely [S98] to deduce some
consequences of Theorem 2.1.3, including an improved version of the Sze-
merédi-Trotter theorem [ST83] on the maximum number of incidences be-
tween n points and m lines. We also discuss some open problems and make
a few conjectures and concluding remarks.

All drawings considered in this paper satisfy the condition that any pair
of edges have at most one point in common. This may be either an endpoint
or a proper crossing. It is well known and easy to see that every drawing of
a graph G that minimizes the number of crossings meets this requirement.
Thus, in the proofs of Theorems 2.1.2 and 2.1.3, we can make this assumption
without loss of generality. However, it is not so obvious whether the same
restriction can be justified in the case of Theorem 2.1.1. Indeed, in [PT97],
the bound e(G) < (k + 3)(v(G) — 2) was proved only for graphs that can be
drawn with at most £ < 4 crossings per edge and which satisfy this extra
condition. To prove Theorem 2.1.1 in its full generality, we have to establish
the following simple statement.

Lemma 2.1.4. Let k < 3, and let G be a graph of v vertices that can be drawn
in the plane so that each of its edges participates in at most k crossings.

In any drawing with this property that minimizes the total number of
crossings, every pair of edges have at most one point in common.

Proof: Suppose for contradiction that some pair of edges, e and f, have at
least two points in common, A and B. At least one of these points, say B,
must be a proper crossing. First, try to swap the portions of e and f between
A and B, and modify the new drawing in small neighborhoods of A and B
so as to reduce the number of crossings between the two edges. Clearly,
during this process the number of crossings along any other edge distinct
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from e and f remains unchanged. The only possible problem that may arise
is that after the operation either e or f (say e) will participate in more than
k crossings. In this case, before the operation there were at least two more
crossings inside the portion of f between A and B, than inside the portion of
e between A and B. Since f participated in at most three crossings (at most
two, not counting B), we conclude that in the original drawing the portion
of e between A and B contained no crossing. If this is the case, instead of
swapping the two portions, replace the portion of f between A and B by
an arc that runs very close to the portion of e between A and B, without
intersecting it. O

It is interesting to note that the above argument fails for £ > 4, as shown
in Figure 2.1.

Figure 2.1: Two adjacent edges e and f cross, each participating in exactly
4 crossings.

2.2 Proof of Theorem 2.1.1

We use induction on v. For v < 4, the statement is trivial. Let v > 4, and
suppose that the theorem has already been proved for graphs having fewer
than v vertices.

Let G denote the set of all triples (G,G’,D) where G is a graph of v
vertices, D is a drawing of GG in the plane such that every edge of G crosses
at most three others (and every pair of edges have at most one point in
common), and G’ is a planar subgraph of G with V(G’) = V(G) that satisfies
the condition that no two arcs in D representing edges of G cross each other.
Let G’ C G consist of all elements (G,G’, D) € G for which the number of
edges of G is maximum. Finally, let G” C G’ consist of all elements of G’ for
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which the number of edges of G’ is maximum. Fix a triple (G,G', D) € G”
such that the total number of crossings in D along all edges of G’ is as small
as possible. This triple remains fixed throughout the whole argument. The
term face, unless explicitly stated otherwise, refers to a face of the planar
drawing of G’ induced by D. For any face & (of G’), let |®| denote its
number of sides, i.e., the number of edges of G’ along the boundary of @,
where every edge whose both sides belong to the interior of ® is counted
twice. Notice that |®| > 3 for every face ®, unless G’ consists of a single
edge, in which case v(G) < 4, a contradiction.

It follows from the maximality of G’ that every edge e of GG that does not
belong to G’ (in short, e € G —G’) crosses at least one edge of G'. The closed
portion between an endpoint of e and the nearest crossing of e with an edge
of G’ is called a half-edge. We orient every half-edge from its endpoint which
is a vertex of G (and G’) towards its other end sitting in the interior of an
edge of G’. Clearly, every edge e € G — G’ has two oriented half-edges. Every
half-edge lies in a face ® and contains at most two crossings with edges of G
in its interior. The extension of a half-edge is the edge of G — G’ it belongs
to. The set of half-edges belonging to a face ® is denoted by H(®).

Lemma 2.2.1. Let ® be a face of G', and let g be one of its sides. Then
H(®) cannot contain two non-crossing half-edges, both of which end on g and
cross two other edges of G (that are not necessarily the same).

) o

Figure 2.2: Lemma 2.2.1; the edges of G’ are drawn in bold.

Proof: Let e; and ey denote the extensions of two non-crossing half-edges
in ® that end on g. Both half-edges cross two edges of GG, so their extensions
cannot cross any other edge apart from g. Removing g from G’ and adding
e1 and ey, we would obtain a larger plane subgraph of G, contradicting the
maximality of G'. O
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A face @ of G’ is called simple if its boundary is connected and it does
not contain any isolated vertex of G’ in its interior.

Lemma 2.2.2. The number of half-edges in any simple face ® satisfies
|H(®)| < 3| - 6.

Proof: For an induction argument to go through, it will be more convenient
to prove the lemma for more general configurations. Slightly abusing the
terminology and the notation, we prove the inequality |H(®)| < 3|®|—6, for
any simple ‘face’ ® with |®| > 3 (® may have nothing to do with G or G’)
and for any set of oriented ‘half-edges’ H(®) contained in ® that satisfy the
following conditions:

(i) Every half-edge in H(®) emanates from a vertex of ¢ and ends at an
edge of ® not incident to that vertex.

(ii) The number of half-edges ending at any edge of ® is at most three.
(iii) Every half-edge belonging to H(®) crosses at most two others.

(iv) If there are two non-crossing half-edges in H(®), each crossing two
other elements of H(®), then they cannot end at the same edge of ®.

By definition, conditions (i)—(iii) are satisfied for ‘real’ faces and half-edges
associated with the triple (G, G, D), while (iv) follows from Lemma 2.2.1.
Assume without loss of generality that the boundary of ® is a simple
cycle. If this is not the case, replace each vertex of ® encountered more than
once during a full counter-clockwise tour around the boundary of ® by as
many copies as many times it is visited, and replace each edge of ® whose
both sides belong to ® by two edges running very close to it. Obviously, the
number of sides of the resulting ‘face’ will be the same as that of the original.

We proceed by induction on s = |®|. We start with the case s = 3.
Denote the vertices of ® by A, B, and C. Let a, b, and ¢ denote the number
of half-edges in ®, emanating from A, B, and C, respectively. Without loss
of generality, we can assume that a > b > ¢. By (i), every half-edge must
end in the interior of the edge opposite to its starting point. Thus, by (ii),
we have a < 3. Every half-edge emanating from C' must cross all half-edges
emanating from A and B. Hence, by (iii), if a + b > 2, we must have ¢ = 0.
Similarly, if a = 3, then b = 0 must hold. The only set of values satisfying
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the above constraints, for which we have a +b+c¢>3s—6=3,isa=b=2
and ¢ = 0. In this case, both half-edges emanating from A end in the interior
of the edge BC' and both cross the two half-edges emanating from B, which
contradicts condition (iv).

Now let s > 3, and suppose that the statement has already been proved
for faces with fewer than s sides.

Given a half-edge h € H(®), its endpoints divide the boundary of ® into
two pieces. Consider all of these pieces over all elements of H(®), and let R
be the set of those pieces that have the smallest number of vertices in their
interiors. Pick R, a minimal element of R by containment. R is defined by a
half-edge e = AF, where A is a vertex of ® and FE is an interior point of an
edge g of @ (see Figure 2.3). Let P denote the set of all half-edges in ® that
start at A and end on g. Clearly, we have e € P and, by (ii), 1 < |P| < 3.
By the minimality of R, every element of P other than e ends outside R.
Let @ denote the set of half-edges in ® that cross e. We claim that every
element h € @) crosses all half-edges in P. Indeed, otherwise h would start
at an interior vertex of R and end at a point of g outside R. However, in this
case the piece of the boundary of ® defined by h, which contains F, would
have fewer interior vertices than R, contradicting the choice of R.

Thus, if |P| = 3 then, by (iii), @ must be empty. If |P| = 2 then, by (iv),
|Q| < 1, and if |P| = 1 then, by (iii), |@| < 2. Therefore, we always have
[PUQ|<3.

Let ® denote the ‘face’ obtained from ® as follows. Replace the arc R by
the half-edge e. Remove all vertices and edges in R, and regard the union
of e and the part of g not belonging to R as a single new edge (see Figure
2.3). By the definition of R, the resulting face has s’ > 3 sides. By (i), we
have s’ < s. Consider the set of half-edges H(®) = H(®) \ (P U Q). None
of the elements of this set crosses e, so, by the minimality of R, all of them
lie in ®. They meet the conditions (i)-(iv), so one can apply the induction

hypothesis to conclude that
|H(®)| < |[H(®)|+3 < (38 —6)+3<3s—6,

as claimed. O

Return to the proof of Theorem 2.1.1. A simple face ® of G’ is said to be
triangular if |®| = 3, otherwise it is a big face.

By Lemma 2.2.2, we have |H(®)| < 3, for any triangular face ®. A
triangular face ® is called an i-triangle if |H(®)] =i (0 < i < 3). A 3-
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Figure 2.3: Induction step in the proof of Lemma 2.2.2.

triangle is a 3X -triangle if one half-edge emanates from each of its vertices.
Otherwise, it is a 3Y -triangle.

If ® is a 3Y-triangle, then at least two of its half-edges must end at the
same side. The face adjacent to ® along this side is called the neighbor of ®.

An edge of G — G is said to be perfect if it starts and ends in 3-triangles
and all the faces it passes through are triangular. The neighbor ¥ of a 3Y-
triangle ® is called a strong neighbor if either it is a O-triangle or it is a
1-triangle and the extension of one of the half-edges in H(®) ends in V.

Lemma 2.2.3. Let ® be a 3-triangle. If the extensions of at least two half-
edges in H(®) are perfect, then ® is a 3Y -triangle with a strong neighbor.

Proof: If ¢ is a 3X-triangle, then the extension of none of its half-edges is
perfect (see Figure 2.4a). Indeed, observe that if ® is a 3X-triangle, then it
has three mutually crossing half-edges, so that their extensions do not have
any additional crossing and they must end in a face adjacent to ®. Moreover,
no other edges of G' can enter a 3.X-triangle.

Therefore, ® is a 3Y-triangle. It has a unique neighbor ¥, which, by
the assumptions in the lemma, must be a triangle. We use a tedious case
analysis, illustrated by Figure 2.4, to prove that ¥ is a strong neighbor. We
only sketch the argument. The set of extensions of the half-edges in H(®) is
denoted by H.

Case 1. One half-edge f € H(®) emanates from a different vertex than
the other two. Then the extension f € H of f is not perfect (see Figure
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Figure 2.4: Proof of Lemma 2.2.3; triangles that are shaded are not 3-

triangles.
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2.4b). We have to distinguish further cases, depending on where the other
two edges end, to conclude that at least one of them cannot be perfect either
(see Figure 2.4cd). An interested reader can find a thorough outline of this
case in Appendix 1.

Case 2. All half-edges of H(®) emanate from the same vertex.
Subcase 2.1. Some edge e € H ends in W. Then V is not a 3-triangle, so e
is not perfect. If the other two edges are perfect, then ¥ is a 1-triangle (see
Figure 2.4ef).

Subcase 2.2. None of the edges in H end in W. Suppose ¥ is not a 0-triangle.
Then some edge e € H must leave ¥ through a different side than the other
two edges f,g € H do (see Figure 2.4g). Then e cannot be perfect (see
Figure 2.4h). We have to distinguish three cases, depending on whether f, g,
or neither of them end in the triangle next to V. In each of these cases, one
can show that f and g cannot be perfect simultaneously (see Figure 2.4ijk).
O

Claim A. Suppose that U is a simple face of G’ with |¥| = 4 and |H (V)| = 6.
Then there are seven combinatorially different possibilities for the arrange-
ment of ¥ and the half-edges, as shown in Figure 2.5.

The proof of Claim A is a straightforward case analysis, carried out in
Appendix 2.

C D

d e f

Figure 2.5: Seven different types of quadrilateral faces.
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Lemma 2.2.4. Let V be a simple face of G' with |¥| =4 and |H(V)| = 6,
and suppose that the arrangement of half-edges in ¥ is not homeomorphic
with configuration (g) on Figure 2.5. Then we have

E(G) < 5.5 0(G) —2).

Proof: Notice that one of the diagonals of ®, denoted by e = AB, can be
added in the interior of ® without creating any crossing with the half-edges in
¥ or with other potentially existing edges of G — G’ that may enter ®. Thus,
by the maximality of G (more precisely, by the fact that (G,G’, D) € G'), we
may assume that that A and B are connected by an edge €’ of G. Obviously,
¢’ must lie entirely outside of W. (See Figure 2.6, for an illustration.) We
may also assume that ¢ € G’ and that it does not cross any edge of G,
otherwise replacing €’ by e in GG, we would obtain a contradiction with the
maximality of G’ (more precisely, with the fact that (G,G’,D) € G” and the
total number of crossings along all edges of G’ is as small as possible).

Let G (resp. G2) denote the subgraph of G induced by A, B, and all
vertices in the interior (resp. exterior) of the ‘lens’ enclosed by e and ¢
(see Figure 2.6). Clearly, we have v(G) = v(Gy) + v(Ga) — 2 and e(G) =
e(Gy) + e(Gy) — 1. As € and e run in the exterior and in the interior of ¥,
resp., both v(G;) and v(G2) are strictly smaller than v(G). Therefore, we
can apply the induction hypothesis to G; and G5 to obtain that

e(G) = e(Gy) + e(Ga) — 1 < 5.5 (0(G1) — 2) + 5.5 (v(Ga) — 2) — 1

<55w(G)—2),

as required. O

,
,
2

Figure 2.6: Proof of Lemma 2.2.4.
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In view of the last lemma, from now on we may and will assume that in
every simple quadrilateral face that contains 6 half-edges, these half-edges
form an arrangement homeomorphic to configuration (g) on Figure 2.5.

We define a bipartite multigraph M = (V; U V5, E') with vertex classes V;
and V5, where V; is the set of 3-triangles and V5 is the set of all other faces
of G'. For each vertex (3-triangle) ® € V;, separately, we add to the edge set
E of M some edges incident to ®, according to the following rules.

e Rule 0: Connect ® to an adjacent triangular face ¥ by two parallel
edges if ¥ is a O-triangle.

e Rule 1: Connect ® to any (not necessarily adjacent) 1-triangle ¥ by
two parallel edges if there is an edge of G — G’ that starts in ¢ and
ends in V.

e Rule 2: Connect ® to any (not necessarily adjacent) 2-triangle W by a
single edge if there is an edge of G — G’ that starts in ® and ends in .

e Rule 3: If the extension e of a half-edge in H(®) passes through or ends
in a big face, we may connect ® by a single edge to the first such big
face along e. However, we use this last rule only to bring the degree of
® in M up to 2. In particular, if we have applied Rules 0 or 1, for some
®, we do not apply Rule 3. Similarly, in no case do we apply Rule 3
for all three half-edges in H(®).

Notice that, besides Rules 0 and 1, the application of Rule 3 can also yield
parallel edges if two half-edges in H(®) reach the same big face. However,
we never create three parallel edges in M.

Let d(®) denote the degree of vertex ® in M.

Lemma 2.2.5. For any ® € Vi, we have d(®) > 2.

Proof: We can disregard the restriction on the use of Rule 3, since it only
applies if d(®P) has already reached 2. If the extension e of a half-edge in H(®P)
is not perfect, then e yields a (possible) edge of M incident to ® according to
one of the Rules 1, 2, or 3. We get two edges this way, unless the extensions
of at least two of the half-edges in H(®) are perfect. In this latter case,
Lemma 2.2.3 applies and either Rule 0 or Rule 1 provides two parallel edges
of M connecting ® to its strong neighbor. O
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To complete the proof of Theorem 2.1.1, we have to estimate from above
the degrees of the vertices belonging to V5 in M. If ¥ € V; is a 1-triangle or a
2-triangle, we have d(V) < 2. Every O-triangle W is adjacent to at most three
3-triangles, so its degree satisfies d(V) < 6. The following lemma establishes
a bound for big faces.

Lemma 2.2.6. For any big face ¥ € Vs, we have d(V) < 2|U|. Moreover, if
U is a simple quadrilateral face with sixz half-edges forming an arrangement
homeomorphic to the one depicted in Figure 2.5g, we have d(V) < 4.

Proof: Every edge of M incident to W corresponds to an edge of G — G’ that
starts in some 3-triangle and enters W. Different edges of M correspond to
different edges of G — G’ (or opposite orientations of the same edge). Since
any side of U crosses at most 3 edges of G — G’, we obtain the weaker bound
d(¥) < 3|¥|. If ¥ is a simple quadrilateral face satisfying the conditions in
the second part of the lemma, then two of its sides do not cross any edge of
G — @', hence we have d(V) < 6. The stronger bounds stated in the lemma
immediately follow from the fact that, even if some side of a big face ¥ is
crossed by three edges of G — G, they can contribute only at most 2 to the
degree of W.

To verify this fact, consider a fixed side g of ¥, and suppose that it crosses
three edges of G —G’. These crossings do not contribute to the degree of W if
both sides of g belong to the interior of ¥; so we assume that this is not the
case. Every edge e that crosses ¢ is divided by g into two pieces. If the piece
incident to the exterior side of g passes through a big face or does not end in
a 3-triangle, then e does not contribute to d(V). Therefore, we may assume
that all three such edge pieces pass through only triangular faces and end in
3-triangles (hence, excluding all but the cases a, g, j and k in Figure 2.7).
A case analysis shows that either at least one of these edge pieces ends in a
3-triangle which has a strong neighbor (see Figure 2.7gjk), or all of them end
in the same 3-triangle (see Figure 2.7a). In either case, the corresponding
three edges contribute at most two to the degree of W.

The details of the case analysis are omitted, but they can be reconstructed
from Figure 2.7, where the circular arc, together with the horizontal segment,
represents the boundary of W. Dark-shaded triangles are not 3-triangles,
while light-shaded triangles are 3Y-triangles with a strong neighbor. We
omitted the cases where the three edges crossing g leave the triangular face
adjacent to g through the same other edge ¢’. These cases can be handled by
removing the edge g and considering the resulting big face and the three edges
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crossing the side ¢’ of this face. Applying this reduction twice if necessary
we reduce this case to one of the other cases. O

& @B &
@WW
Upliom

Figure 2.7: Proof of Lemma 2.2.6; dark-shaded triangles (bcdefhi) and light-
shaded triangles (gjk).

(>
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For any face @, let ¢(®) and {(P) denote the number of triangles and
diagonals, resp., in a triangulation of ®. Thus, if the sum of the number
of isolated vertices of G’ that lie in the interior of ® and the number of
connected components of the boundary of ® is k, we have t(®) = |®|+2k—4
and t(®) = |®| + 3k — 6.

We introduce the notation d(®) := —d(®) for ® € Vi, and d(¥) := d(¥)
for W € V,. Let V := V; UV, denote the set of all faces of G’. Then the fact
that the sum of degrees of the vertices must be the same on both sides of M,
can be expressed by the equation

> d(®) =

deV

Lemma 2.2.7. For every face ® € V', we have

H(®)| + %E(@) < gt(CD) +20(P).
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Proof: The proof is by straightforward case analysis, based on the previous
lemmas.

If @ is triangular, we have £(®) = 0, ¢(®) = 1, so that 3¢(P) + 2{(P) =
For a 3-triangle ®, by Lemma 2.2.5, we have |H (®)|+1d(®) < 3+1(-2) = 2.
For a 2-triangle ®, we have |H(®)| + 1d(®) < 2+ 1(2) = 2. For a 1-triangle
®, we have |H(®)|+ 1d(®) < 1+ 1(2) = 2, and for a 0-triangle ®, we have
|H(®)| + 1d(®) <0+ 1(6) = 3.

If & is a simple face with |®| > 5 sides, we have ¢(®) = || — 2 and
i(®) = |®| — 3, so that 2¢(®) + 2{(P) = 2|®| — 11. It follows from Lemmas
2.2.2 and 2.2.6 that |H(®)| < 3|®| — 6 and d(P) = d(P) < 2|®|. Thus, we
have

5
5
2

I 9
[H(®)| + (@) < 5|8 —6 < J|®| - 11.

If @ is a simple face with |®| = 4, we have t(®) = 2, {(®) = 1, so that
2¢(®) + 2¢(®) = 7. By Lemmas 2.2.2 and 2.2.6, we obtain |H(®)| < 6 and

d(®) = d(®) < 8. If |[H(®)| < 5, then |H(®)| + 1d(P) <5+ +(8) = 7. If
|H(®)| = 6, then by Lemma 2.2.6 d(®) = d(®) < 4 and [H(®)| + 1d(®) <
6+4(4)=T.

Finally, assume that ® is not a simple face, i.e., its boundary is not
connected or it contains at least one isolated vertex of G’ in its interior. In
this case, we have t(®) > |®|, {(®) > |®|, so that 3t(®) + 2(®) > 2|D|.
By Lemma 2.2.6, we now obtain d(®) = d(®) < 2¢. Lemma 2.2.2 does not
apply here, but we have |H(®)| < 3|®|, because every half-edge in H(®) ends
at an edge of ®. Hence, we have |H (®)| + ;d(®) < 3|®|+ 1(2|®]) = |®|. O

Now we can easily complete the proof of Theorem 2.1.1. Since every edge
of G — G’ gives rise to two half-edges, we have

o(G) — (@) = 5 S 1H@)| =3 3 (1H@)] + @)

oV oV

<2 Y @)+ XA,
eV eV
where the inequality holds by Lemma 2.2.7. We obviously have Y gy t(P) =
2 (v(G) — 2), which is equal to the total number of faces in any triangulation
of G'. In order to obtain such a triangulation from G’, one needs to add
Yoy t(P) edges. Hence, we have Y gy £(P) = 3(v(G) — 2) — e(G"). Notice
that triangulating each face separately may create a triangulation of the
plane containing some parallel edges, but this has no effect on the number
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of triangles or the number of edges. Now the theorem follows by simple
calculation:

e(G) = e(G') + (e(G) — e(G"))
< e(@) + 22 (0(C) = 2) + (3 (0(C) — 2) — e(C)) = 55 (W(G) — 2).
This completes the proof of the inequality in Theorem 2.1.1.

We close this section by presenting a construction which shows that the
result is not far from being tight.

Proposition 1. For every v = 0 (mod 6), v > 12, there exists a graph G
with v vertices and 5.5(v — 2) — 4 edges that can be drawn in the plane so
that each of its edges crosses at most three others. That is, for these values
we have ez(v) > 5.5v — 15.

Proof: Let T}, denote a hexagonal tiling of a vertical cylindrical surface with
q > 1 horizontal layers, each consisting of 3 hexagonal faces wrapped around
the cylinder (see Figure 2.8). Notice that the top and the bottom face of the
cylinder are also hexagonal. Let V, be the set of all the vertices of the tiles.
To each face except the top and the bottom one, add 8 diagonals (all but one
main diagonal). Finally, add all diagonals to the top and the bottom face
that do not yield parallel edges. This means adding 6 edges on both the top
and the bottom face, as depicted in Figure 2.8. The resulting graph Gy is
drawn on the surface of the cylinder with each edge crossing at most 3 other
edges. We have v(G,) = 6q + 6 and e(G,) = 33¢ + 18 = 5.50(G,) — 15. O

Figure 2.8: The vertical cylindrical surface, a layer, side-face, top-face, and
bottom-face.
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2.3 Proof of Theorem 2.1.2

For any graph G drawn in the plane, let G denote the subgraph of G on
the same vertex set, consisting of all crossing-free edges. Let A(G™) denote
the number of triangular faces of G, containing no vertex of G in their
interiors.

Lemma 2.3.1. Let G be a graph on v(G) > 3 vertices, which is drawn in
the plane so that none of its edges crosses two others. Then the number of
edges of G satisfies

e(G) < 4(v(G) —2) — %A(Gﬁee).

Proof: We can assume without loss of generality that G is mazimal in the
following sense: if two vertices, u and v, can be connected by a Jordan arc
that does not cross any edge of G, then G contains an edge uv between
these vertices. We can also assume that G is 3-connected. Otherwise, we
can conclude by induction on v(G), as follows. Let G = G; U Gy be a
decomposition of G into subgraphs on fewer than v(G) vertices, where G
and Go share at most 2 vertices. Clearly, we have (v(Gy) — 2) + (v(G2) —
2) < v(G) =2, e(G1) + e(Gy) > e(G), and A(GEe) + A(GIee) > A(GEee).
Therefore, applying the induction hypothesis to G; and G5 separately, we
obtain that the statement of the lemma holds for G.

Observe that if two edges uv and zw cross each other, then u and z, say,
can be connected by a Jordan arc running very close to the union of the
edges uv and zv, without crossing any edge of G. Thus, it follows from the
maximality of G® that uz, and similarly zv, vw, and wu, are edges of Gr°.
Moreover, the quadrilateral uzvw containing the crossing pair of edges uv,
zw must be a face of G, To see this, it is enough to observe that the
3-connectivity of G implies that this quadrilateral cannot contain any vertex
of G in its interior. Thus, all edges in G — G are diagonals of quadrilateral
faces of G, Letting ¢(G™) denote the number of quadrilateral faces of
G'ree we obtain

e(G) + 29(G™*%) — e(G) = 0.

Let f(G™) denote the total number of faces of G™*°. Then we have
f(Gfree> o q<Gfree) o A(c;free) >0

36



and, by Euler’s Formula,
U(G) 4 f(Gfree> o €<Gfree) ) Z 0.

Double counting the pairs (o, a), where o is a face of G and a is an edge
of o, we obtain

26(Gfree) _ 4f(Gfree) + A(Gfree) > 0.

Multiplying the above four inequalities by the coefficients 1, 2, 4 and 3/2,
respectively, and adding them up, the lemma follows. O
Instead of Theorem 2.1.2, we establish a slightly stronger claim.

Lemma 2.3.2. Let G be a graph on v(G) > 3 wertices, which is drawn in
the plane with ©(G) crossings. Then we have

7 25
E )

Proof: We use induction on z(G) + v(G). As in the proof of Lemma 2.3.1,
we can assume that G is 3-connected and that G is mazimal in the sense
that whenever the points v and v can be connected by a Jordan arc without
crossing any edge of G, the edge uv belongs to G™°. We distinguish four
cases.

(0(G) — 2) + ZA(GI),

z(G) > 3

Case 1. GG contains an edge that crosses at least 3 other edges.

Let a be such an edge, and let Gy be the subgraph of G obtained by
removing a. Now we have, e(Gy) = e(G) — 1, x(Gy) < x(G) — 3, and
A (GEee)y > A(Gee). Applying the induction hypothesis to Gp, we get

2(G) =32 1(6(G) ~ 1) = = (o(G) - 2) + SAG™),

which implies the statement of the lemma.
Case 2. Every edge in G crosses at most one other edge.

Lemma 2.3.1 yields
1
4(v(G)—2) — aA(Gﬁee) > e(@).
The statement is obtained by multiplying this inequality by 4/3 and adding
to it the simple inequality z(G) > e(G) — 3 (v(G) — 2) mentioned in the

Introduction.
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Figure 2.9: Proof of Lemma 2.3.2, Case 3.

Case 3. There exists an edge e of G that crosses two other edges, one of
which does not cross any other edge of G.

Let zw be an edge that crosses e at point x and does not participate
in any other crossing. Let u denote the endpoint of e for which the piece
of e between x and w is crossing-free. Notice that u can be connected to
both z and w by noncrossing Jordan arcs, without crossing any edge of G.
Therefore, by the maximality of G%°, the edges uz and uw must belong to
Gfee. Let Gy be the subgraph of G obtained by removing the edge e. We
have e(Gy) = e(G) — 1 and x(Gy) = z(G) — 2. Clearly, GI*® contains zw and
all edges in G, By the 3-connectivity of G, the triangle uzw must be a
triangular face of GI*®| so that we have A(GI®) > A(G™*°) + 1. Applying
the induction hypothesis to Gy, we obtain

2(G) > Le(@) — %

which is better than what we need.

(0(G) —2) + SA(G") + 5,

Case 4. There exists an edge a of G that crosses precisely two other edges,
b and ¢, and each of these edges also participates in precisely two crossings.
Subcase 4.1. b and ¢ do not cross each other.

Let Gy be the subgraph of G obtained by removing b. Clearly, we have
e(Go) = e(G) — 1, (Gy) = x(G) — 2, and A(GF®®) > A(G™). Notice that
c is an edge of G that crosses two other edges; one of them is a, which is
crossed by no other edge of Gg. Thus, we can apply to Gy the last inequality
in the analysis of Case 3 to conclude that

HG) =22 2 (e(6) ~ 1) = 2 (0(G) ~2) + SAG™) + 5,

which is precisely what we need.
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Figure 2.10: Proof of Lemma 2.3.2, Subcase 4.1.

Subcase 4.2. b and c cross each other.

The three crossing edges, a, b, and ¢ can be drawn on the sphere in two
topologically different ways. If the closed curve formed by segments of the
three edges separates two of the endpoints of the three edges from the other
four, then the graph is not 3-connected as the vertices on the two sides of this
closed curve are only connected by two edges (see the configuration on the
left-hand side of Figure 2.11). So it is enough to consider the configuration
depicted on the right-hand side of Figure 2.11. By the maximality condition,
G must contain the six dashed edges in the figure. Note that a, b, and
c are not crossed by any additional edges, so all other edges of G' contained
in the hexagon ®, formed by the dashed edges, must be contained in one of
the triangular or quadrilateral faces of the arrangement, and the existence of
such edges contradicts the 3-connectedness of G. Thus, ® is a face of Gfee,
and the only edges of G inside this face are a, b, and c. Let GGy be the graph
obtained from G by removing the edges a, b, ¢, and inserting a new vertex
in the interior of ®, which is connected to every vertex of ® by crossing-free
edges. We have v(Gy) = v(G) + 1 and z(Gy) = z(G) — 3, so that we can
apply the induction hypothesis to Go. Obviously, we have e(Gy) = e(G) + 3
and A(GE®) = A(G™°) + 6. Thus, we obtain

25

2(G) =3 > 2 (e(G) +3) = 5 (0(G) — ) + ; (A(G™) +6),

Wl 3

which is much stronger than the inequality in the lemma. O
The tightness of Theorem 2.1.2 is discussed at the end of the last section.
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Cc

Figure 2.11: Proof of Lemma 2.3.2, Subcase 4.2.

2.4 Proof of Theorem 2.1.3

Our proof is based on the following consequence of Theorems 2.1.1 and 2.1.2.

Corollary 2.4.1. The crossing number of any graph G of at least 3 vertices
satisfies
CR(G) > 4e(G) — e (v(G) —2).
Proof: If G has at most 5 (v(G) — 2) edges, then the statement directly
follows from Theorem 2. If G has more than 5 (v(G) — 2) edges, fix one of
its drawings in which the number of crossings is minimum. Delete the edges
of G one by one until we obtain a graph Gy with 5 (v(G) — 2) edges. At
each stage, delete one of the edges that participates in the largest number
of crossings in the current drawing. Using the inequality es(v) < 5(v — 2)
proved in [PT97] and quoted in Section 2.1, at the time of its removal every
edge has at least three crossings. Moreover, by Theorem 1, with the possible
exception of the at most 3 (v(G) — 2) edges deleted last, every edge has at
least four crossings. Thus, the total number of deleted crossings is at least
1 41
4(e(G) =5 (v(G) = 2)) = 5 (v(G) = 2) = 4e(G) —
On the other hand, applying Theorem 2.1.2 to Gy, we obtain that the
number of crossings not removed during the algorithm is at least

CR(Go) > % (v(G) ~2).

(0(G) = 2).

Summing up these two estimates, the result follows. O
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Now we can easily complete the proof of Theorem 2.1.3. Let GG be a graph
drawn in the plane with CR(G) crossings, and suppose that e(G) > L20(G).

Construct a random subgraph G’ C G by selecting each vertex of G
independently with probability

103 v(G)
= — <1
16 e(G) = 7

and letting G’ be the subgraph of G induced by the selected vertices. The
expected number of vertices of G’ is E[v(G’)] = pv(G). Similarly, Fle(G")] =
p?e(G). The expected number of crossings in the drawing of G’ inherited
from G is p*CR(G), and the expected value of the crossing number of G’ is
even smaller.

By Corollary 2.4.1, CR(G') > 4e(G’) — 180(G’) holds for every G'. (Note
that after getting rid of the constant term in Corollary 2.4.1, we do not have
to assume any more that v(G’) > 3; the above inequality is true for every
G'.) Taking expectations, we obtain

P'CR(G) > E[CR(G')] > 4E[e(G')] - %E[U(G')] = dpe(G) — %pv(G)-

This implies that

1024 €3(G) 1 &(G)
> >
R(G) 2 315577(G) = 3110%(G)

provided that e(G) > 18¢(G).

To obtain an unconditional lower bound on the crossing number of any
graph G, we need different estimates when e(G) < £2v(G). Comparing the
bounds in Theorem 2.1.2 and in Corollary 2.4.1 with the trivial estimates

CR(G) > 0 and CR(G) > e — 3(v(G) — 2), a case analysis shows that

1024 €3(G)
31827 v2(G7)

— CR(G) < 1.060(G).

The maximum is attained for a graph G with e(G) = 4(v(G) — 2) and
CR(G) = v(G) — 2. In conclusion,

oR(G) > 1024 €3(G)

> 3827 () 1.060(G) > ——e*(G)v*(G) — 1.06v(G)

31.1
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holds for every graph G. This completes the proof of Theorem 2.1.3.

Remark. In chapter 4 we introduce two variants of the crossing number.
The pair-crossing number (resp. the odd crossing number) of G is defined as
the minimum number of pairs of non-adjacent edges that cross (resp. cross
an odd number of times) over all drawings of G. These parameters are at
most as large as CR(G).

The original proofs of the Crossing Lemma readily generalize to the new
crossing numbers, see Theorem 4.1.5, and it follows that both of them are at
least ézzggg, provided that e(G) > 4v(G). We have been unable to extend
our proof of Theorem 2.1.3 to these parameters.

2.5 Applications, problems, remarks

Every improvement of the Crossing Lemma automatically leads to improved
bounds in all of its applications. For completeness and future reference,
we include some immediate corollaries of Theorem 2.1.3 with a sketch of
computations.

First, we plug Theorem 2.1.3 into Székely’s method [S98| to improve the
coefficient of the main term in the Szemerédi-Trotter theorem [ST83], [CE90],
[PT97].

Corollary 2.5.1. Given m points and n lines in the Fuclidean plane, the
number of incidences between them is at most 2.5m*>n*?® +m + n.

Proof: We can assume that every line and every point is involved in at least
one incidence, and that n > m, by duality. Since the statement is true for
m = 1, we have to check it only for m > 2.

Define a graph G drawn in the plane such that the vertex set of G is the
given set of m points, and join two points with an edge drawn as a straight-
line segment if the two points are consecutive along one of the lines. Let
I denote the total number of incidences between the given m points and n
lines. Then v(G) = m and e(G) = I — n. Since every edge belongs to one

of the n lines, CR(G) < (72‘) Applying Theorem 2.1.2 to G, we obtain that

31—1_1”;3’3 — 1.06m< cr(G)< (;‘) Using that n > m > 2, easy calculation

shows that

[ —n < V/15.55m2n? + 33m3 < V15.55n**m** + m,
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which implies the statement. O

It was shown in [PT97] that Corollary 2.5.1 does not remain true if we
replace the constant 2.5 by 0.42 .

Theorem 2.1.3 readily generalizes to multigraphs with bounded edge mul-
tiplicity, improving the constant in Székely’s result [S98].

Corollary 2.5.2. Let G be a multigraph with mazimum edge multiplicity m.
Then

CrR(G) > L c(G)

L _ 2
2 ST med(G) 1.06m*v(G).

Proof: Define a random simple subgraph G’ of G as follows. For each pair
of vertices vy, v9 of G, let e, es,...¢€, be the edges connecting them. With
probability 1 — k/m, G’ will not contain any edge between v; and vy. With
probability k/m, G’ contains precisely one such edge, and the probability
that this edge is e; is 1/m (1 < i < k). Applying Theorem 3 to G’ and
taking expectations, the result follows. O

Next, we state here the improvement of another result in [PT97].

Corollary 2.5.3. Let G be a graph drawn in the plane so that every edge is
crossed by at most k others, for some k > 1, and every pair of edges have at
most one point in common. Then

e(G) < 3.95Vkv(G).

Proof: For k& < 2, the result is weaker than the bounds given in [PT97].
Assume that £ > 3, and consider a drawing of G such that every edge crosses
at most k others. Let x denote the number of crossings in this drawing. If
e(G) < (@), then there is nothing to prove. If e(G) > 1¥v(G), then
using Theorem 2.1.3, we obtain

1024 €3(G) e(G)k
SR < <zx<
31827 02(G) = CRG) sos =5,

~—

and the result follows. O

Recall that eg(v) was defined as the maximum number of edges that a
graph of v vertices can have if it can be drawn in the plane with at most &
crossings per edge. We define some other closely related functions. Let e} (v)
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denote the maximum number of edges of a graph of v vertices which has a
drawing that satisfies the above requirement and, in addition, every pair of
its edges meet at most once (either at an endpoint or at a proper crossing).
We define €, (v) and e;(v) analogously, with the only difference that now the
maximums are taken over all triangle-free graphs with v vertices.

It was mentioned in the Introduction (see Lemma 2.1.4) that ex(v) =
er(v) for 0 < k < 3, and that ej(v) < (k4 3)(v —2) for 0 < k < 4 [PT9I7].
For 0 < k < 2, the last inequality is tight for infinitely many values of v.
Our Theorem 2.1.1 shows that this is not the case for k = 3.

Conjecture 1. We have e (v) = ej(v) for every k and v.

Using the proof technique of Theorem 2.1.1, it is not hard to improve
the bound e}(v) < 7(v — 2). In particular, in this case Lemma 2.2.2 holds
with 3(|®| —2) replaced by 4(|®| —2). Moreover, an easy case analysis shows
that every triangular face ® with four half-edges satisfies at least one of the
following two conditions:

1. The extension of at least one of the half-edges in ® either ends in a
triangular face with fewer than four half-edges, or enters a big face.

2. ® is adjacent to an empty triangle.

Based on this observation, one can modify the arguments in Section 2.2 to
obtain the upper bound e}(v) < (7 — §)v — O(1).

Conjecture 2. €;(v) < 6v — O(1).

As for the other two functions, we have g;(v) =€ (v) for 0 < k < 3, and
ei(v) <(k+2)(v—2) for 0 < k < 2. If0 < k <1, these bounds are attained
for infinitely many values of v. These estimates were applied by Czabarka et
al. [CSSV06] to obtain some lower bounds on the so-called biplanar crossing
number of complete graphs.

Given a triangle-free graph drawn in the plane so that every edge crosses
at most 2 others, an easy case analysis shows that each quadrilateral face that
contains four half-edges is adjacent to a face which is either non-quadrilateral
or does not have four half-edges'. As in the proof of Theorem 2.1.1 (before

!This statement actually holds under the assumption that G and G’ are maximal, in
the sense described at the beginning of Section 2.2.
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Lemma 2.2.5), we can use a properly defined bipartite multigraph M to
establish the bound

1
& (v) < (4 - E) v—O(1).
Conjecture 3. e(v) < 3.50 — O(1).
The coefficient 3.5 in the above conjecture cannot be improved as shown

by the triangle-free (actually bipartite!) graph in Figure 2.12, whose vertex
set is the set of vertices of a 4 x v/4 grid.

Figure 2.12: ey(v) > 3.5v — 16.

Let cr(v,e) denote the minimal crossing number of a graph with v > 3
vertices and e edges. Clearly, we have CR(v,e) = 0, whenever e < 3(v — 2),
and CR(v,e) = e — 3(v — 2) for 3(v —2) < e < 4(v —2). To see that these
values are indeed attained by the function, consider the graph constructed in
[PT97], which (if v is a multiple of 4) can be obtained from a planar graph
with v vertices, 2(v — 2) edges, and v — 2 quadrilateral faces, by adding the
diagonals of the faces. If e < 4(v — 2), delete as many edges participating in
a crossing, as necessary.

In the next interval, i.e., when 4(v — 2) < e < 5(v — 2), Theorem 2.1.2
gives tight bound on CR(v, e) up to an additive constant. To see this, consider
a planar graph with only pentagonal and quadrilateral faces and add all
diagonals in every face. If no two faces of the original planar graph shared
more than a vertex or an edge, for the resulting graph the inequality of
Theorem 2.1.2 holds with equality. For certain values of v and e, no such
construction exists, but we only lose a constant.
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If 5(v—2) < e < 5.5(v—2), the best known bound, CR(v, €) > 3e—22(v—
2), follows from Theorem 2.1.2; while for e > 5.5(v—2) the best known bound
is either the one in Corollary 2.4.1 or the one in Theorem 2.1.3. We do not
believe that any of these bounds are optimal.

Conjecture 4. CR(v,e) > Ze — B(v — 2).

Note that, if true, this bound is tight up to an additive constant for
5(v —2) < e < 6(v—2). To see this, consider a planar graph with only
pentagonal and hexagonal faces and add all diagonals of all faces. If no
two faces of the planar graph shared more than a vertex or an edge, the
resulting graph shows that Conjecture 4 cannot be improved. As a first step
toward settling this conjecture, we can show the following statement, similar
to Lemma 2.3.1.

Lemma 2.5.4. Let G be a graph on v(G) > 3 vertices drawn in the plane so
that every edge is involved in at most two crossings. Then

e(G) < 5(v(G) —2) — A(GT).

2.6 Appendix 1:
Case 1 in the proof of Lemma 2.2.3

Our proof will be a straightforward case analysis. Recall that ® is a 3Y-
triangle with the unique neighbor ¥, which is also a triangle. Let A, B, and
C' be the vertices of ®, and let f, g, and h denote the half-edges in H(®).
Here, g and h emanate from vertex A, while f starts at vertex B. Next,
we introduce a new notation: given a vertex V in a face T of G’ let dy (V)
denote the number of half edges in H(Y') that emanate from V.

Let = denote the face of G’ that is adjacent to ® along side AC'. First,
we claim that the extension f € H of f is not perfect. Indeed, otherwise = is
a triangle and edge f, having crossed half-edges g and h, as well as side AC,
must end in D, the vertex of = opposite to AC. Since f = BD cannot be
crossed by any other edge, we have d=(A) = d=(C) = 0. Aside from f, the
extension of any half-edge in H(Z), that emanates from vertex D, has to exit
= through side AC' and enter ®. It cannot exit ® through side AB (it would
cross four edges AC, h, g, and AB, in this order), nor it can end at vertex B
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(there are no parallel edges). Hence, it must exit ® through side BC', which
is already crossed by the extensions of g and h (see Figure 2.13i). Therefore,
d=(D) < 2, and Z is not a 3-triangle, contradicting the assumption that f is
perfect.

Next, suppose that the extensions g and h of g and h, respectively, are
perfect. We distinguish two cases, based on where these two edges end.

A D

LA N

0]

(ii) (iii)

Figure 2.13: Proof of Lemma 2.2.3, Case 1. (A more detailed version of
Figure 2.4 bed.)

Subcase 1.1. h ends in E, the vertex of ¥ opposite to BC' (see Figure 2.13ii).
Since there are no parallel edges, g has to exit ® across the side BE. Having
already crossed three other edges, § must end in I', the face of G’ adjacent
to W along BE. By the assumption that g is perfect, we conclude that I' is
a triangle, and we let F' be the vertex of I', where g ends. Since g cannot be
crossed by any other edge, then dr(B) = dr(E) = 0.

Aside from g, the extension of any half-edge in H(I"), that emanates
from vertex F', exits I' through side BE and enters W. It cannot exit ¥
through side BC, since f already crosses three other edges. Thus, it has to
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cross h, that is already crossed by f and BC (see Figure 2.13ii). Therefore,
dr(F) <2, and I' is not a 3-triangle, contradicting the assumption that g is
perfect.

The symmetric case, when g ends in F (and h exits ¥ through side CE),
can be handled similarly.

Subcase 1.2. g exits ¥ through BE and h exits ¥ through CE (see Figure
2.13iii). Both of these edges already cross three other edges, so g ends in
T, the face of G’ adjacent to ¥ along BE, and h ends in A, the face of G
adjacent to W along C'E. Both I' and A are triangles by assumption. Let F'
and G denote the vertices of I' and A, where g and h end respectively. As
before, we easily conclude that dr(B) = dr(F) = 0 and da(C) = da(E) = 0.
Since h is perfect, then A is a 3-triangle and da(G) = 3. Let e; and e, denote
the extensions of the half-edges contributing to da(G) (other than h). These
edges exit A through C'E and enter W. Neither of them can exit ¥ through
BC or end in B, since f, g, and h already cross three other edges. Hence, ¢;
and e; exit U through BFE and enter I'. Now, there are only two possibilities:
either e; and e; both exit I' through F'E; or one of them ends in vertex F,
while the other exits I" through F'E (see Figure 2.13iii). In both cases, BE
is crossed by three edges (e, €2, §), and dr(F') < 2. Therefore, I" is not a
3-triangle, contradicting the assumption that g is perfect. O

2.7 Appendix 2: Proof of Claim A

Recall that U is a simple face of G’ with |V| = 4 and |H(¥)| = 6. Next,
we introduce some notation. Let A, B, C, and D denote the vertices of
U, and let dy be the degree of V- € {A, B,C, D} in ¥, that is, the number
of half edges in H(V) incident to vertex V. Encode each half-edge by its
type, consisting of the initial vertex and the side of ¥ where it ends. So, for
example, a half-edge of type A(BC') connects vertex A with the side BC'.
Finally, let A denote the maximum degree of all the vertices of W.

Case 1. A = 6.

Suppose that d4 = A. Since at most three half-edges can exit ¥ through
the same side, there is only one possibility, depicted in Figure 2.5a.

Case 2. A =5.

Let A be the vertex of degree 5. Three of the half-edges incident to A
exit through the same side, say BC', and two through the side C'D. The
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remaining half-edge of H (W) cannot have its endpoint on AB or on BC, and
it cannot emanate from B. Therefore, it has to be of type C(AD) (see Figure
2.5b).

Case 3. A =4.

Let d4 = A. There are two possibilities:
Case 3.1. Two of the half-edges incident to A exit W through side BC, while
the other two exit through side C'D. If there is a half-edge incident to B,
it should exit through C'D. However, then the remaining half-edge cannot
be drawn: clearly, it cannot start at C' or D, and if it starts at B, then the
two half-edges incident to B have to be of type B(C'D), forcing at least four
crossings on C'D. Similarly, no half-edge can be incident to D. Therefore,
the remaining two half-edges both emanate from C'. By Lemma 2.2.1, they
should exit ¥ through different sides, giving Figure 2.5c.
Case 3.2. There are three half-edges in H(¥) of type A(C'D) and one of type
A(BC). Then the remaining two half-edges cannot have their endpoints on
AD, CD, or in D. So, they are both of type C'(AB) (see Figure 2.5d).

Case 4. A = 3.

Let A be a vertex of degree 3. Again, there are two possibilities (up to
symmetry).

Case 4.1. All three half-edges incident to A are of the same type, say A(BC).
The remaining three half-edges of H (W) cannot have their endpoints on AB,
on BC, or in B. Therefore, all of them are of type C(AD), as shown in
Figure 2.5e.

Case 4.2. Two half-edges incident to A are of type A(BC), while the re-
maining one is of type A(C'D).

If there is a half-edge incident to B, it can only be of type B(C'D), Then,
by Lemma 2.2.1, there are no more half-edge emanating from B. Moreover,
no half-edge is incident to C'; otherwise, any half-edge from C would cross
the existing half-edge of type B(C'D), whose extension already crosses three
other edges. Similarly, at most one half-edge emanates from D (extensions of
the half-edges of type A(BC') already cross two other edges). This contradicts
|H (V)| = 6.

If there is a half-edge incident to D, it can only be of type D(BC'), and
it has to be the unique half-edge of this type. The remaining two half-edges
of H(V) must be incident to C. None of them can exit ¥ through AB, so
they are both of type C'(AD). However, then the extension of the existing
half-edge of type A(CD) crosses four other edges.
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Therefore, we can assume that there are two half-edges of type A(BC),
one of type A(C'D), and the other three half-edges are incident to C. It is
impossible that all three are of type C'(AD), since they would all cross the
half-edge of type A(C'D). Moreover, by Lemma 2.2.1, at most one can be of
type C'(AB). Therefore, one is of type C(AB) and two are of type C(AD),
see Figure 2.5f.

Case 5. A =2.

First, suppose that for every vertex of degree two the two half-edges
incident to it exit U through different sides. Also, assume that d4 = 2, i.e.,
there is a half-edge of type A(BC') and a half-edge of type A(C'D). If B is
of degree two, then there is a half-edge of type B(C'D) and a half-edge of
type B(AD). Now, it is easy to see that at most one further half-edge can be
added, either of type C'(AD) or of type D(BC), contradicting |H (V)| = 6.
If C is of degree two, for each of the four types: A(BC), A(CD), C(AB),
C(AD), there is a unique half-edge of this type, whose extension is already
crossed by two edges. Any additional half-edge emanating from either B or D
would have to cross three of the above mentioned half-edges before reaching
a side of W. Hence, if do = 2, then dg = dp = 0, contradicting |H (V)| = 6.

Now, we can assume that there is a vertex (say, A) of degree two, such that
both half-edges incident to it have the same type, say A(CD). It follows from
Lemma 2.2.1 that dp < 1. If dp =0, then |H (V)| = 6 implies dg = d¢ = 2.
Let us consider the two half-edges emanating from B. At most one of them
is of type B(C'D). Furthermore, by Lemma 2.2.1, at most one of them is
of type B(AD). So, we have exactly one half-edge of type B(C'D) and one
half-edge of type B(AD). Any half-edge incident to C' would have to either
cross three half-edges before reaching AD, or cross the existing half-edge of
type B(AD), whose extension already crosses three other edges. Therefore,
we obtain dec = 0, a contradiction.

We are left with the case when there are two half-edges of type A(CD),
and dp = 1. If the half-edge incident to D is of type D(BC), then d¢ = 0,
which, together with dp < 2, gives |H(W)| < 5, a contradiction. Therefore,
the half-edge incident to D has type D(AB). In this case, the half-edges
incident to B or C' cannot end on AD, so the possible types are B(C'D)
and C(AB). Since C'D is already crossed by two edges, there is at most one
half-edge of type B(C'D). So, there are two half-edges of type C(AB), see
Figure 2.5g. This concludes the proof of Claim A. O
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Chapter 3

New bounds for crossing
numbers

This chapter is based on the manuscript [PST00]. The crossing number,
CR(G), of a graph G is the least number of crossing points in any drawing
of G in the plane. Denote by k(n,e) the minimum of CR(G) taken over all
graphs with n vertices and at least e edges. We prove a conjecture of P.
Erdés and R. Guy by showing that x(n, e)n?/e? tends to a positive constant
as n — oo and n < e < n?. Similar results hold for graph drawings on any
other surface of fixed genus.

We prove better bounds for graphs satisfying some monotone properties.
In particular, we show that if G is a graph with n vertices and e > 4n edges,
which does not contain a cycle of length four (resp. siz), then its crossing
number is at least ce®/n® (resp. ce®/n*), where ¢ > 0 is a suitable constant.
These results cannot be improved, apart from the value of the constant. This
settles a question of M. Simonovits.

3.1 Introduction

Let G be a simple undirected graph with n(G) nodes (vertices) and e(G)
edges. A drawing of G in the plane is a mapping f that assigns to each
vertex of G a distinct point in the plane and to each edge uv a continuous
arc connecting f(u) and f(v), not passing through the image of any other
vertex. For simplicity, the arc assigned to uwv is also called an edge, and if
this leads to no confusion, it is also denoted by uv. We assume that no three
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edges have an interior point in common. The crossing number, CR(G), of G
is the minimum number of crossing points in any drawing of G.

The determination of CR(G) is an NP-complete problem [GJ83]. It was
discovered by Leighton [L84] that the crossing number can be used to es-
timate the chip area required for the VLSI circuit layout of a graph. He
proved the following general lower bound for CR(G), which was discovered
independently by Ajtai, Chvatal, Newborn, and Szemerédi. The best known
constant, 1/33.75, in the theorem is due to Pach and Téth.

Theorem A. [ACNS82|, [L84], [PT9I7] Let G be a graph with n(G) = n nodes
and e(G) = e edges, e > 7.5n. Then we have

1 €3
>_—
OR(G) = 3505

Theorem A can be used to deduce the best known upper bounds for the
number of unit distances determined by n points in the plane [S98], for the
number of different ways how a line can split a set of n points into two equal
parts [D98], and it has some other interesting corollaries [PS98].

It is easy to see that the bound in Theorem A is tight, apart from the value
of the constant. However, as it was suggested by Miklés Simonovits [S97], it
may be possible to strengthen the theorem for some special classes of graphs,
e.g., for graphs not containing some fixed, so-called forbidden subgraph. In
Sections 3.2 and 3.3 of the present paper we verify this conjecture.

A graph property P is said to be monotone if

e whenever a graph G satisfies P, then every subgraph of GG also satisfies
P;

e whenever G; and G satisfy P, then their disjoint union also satisfies

P.

For any monotone property P, let ex(n,P) denote the maximum number of
edges that a graph of n vertices can have if it satisfies P. In the special
case when P is the property that the graph does not contain a subgraph
isomorphic to a fixed forbidden subgraph H, we write ex(n, H) for ex(n, P).

Theorem 3.1.1. Let P be a monotone graph property with ex(n,P) =
O(n'*®) for some a > 0.
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Then there exist two constants ¢, ¢’ > 0 such that the crossing number of
any graph G with property P, which has n vertices and e > cnlog®n edges,

satisfies
/62+1/a
CR(G) Z C m
If ex(n, P) = O(n'T®), then this bound is asymptotically tight, up to a con-
stant factor.

In some interesting special cases when we know the precise order of mag-
nitude of the function ex(n, P), we obtain some slightly stronger results. The
girth of a graph is the length of its shortest cycle.

Theorem 3.1.2. Let G be a graph with n vertices and e > 4n edges, whose
girth is larger than 2r, for some r > 0 integer. Then the crossing number of

G satisfies
r+2

CrR(G) > ¢

- 'f‘n,r.+17

where ¢, > 0 is a suitable constant. For r = 2,3, and 5, these bounds are
asymptotically tight, up to a constant factor.

What happens if the girth of G is larger than 2r 4+ 17 Since one can
destroy every odd cycle of a graph by deleting at most half of its edges, even
in this case we cannot expect an asymptotically better lower bound for the
crossing number of G than the bound given in Theorem 3.1.2.

Theorem 3.1.3. Let G be a graph with n vertices and e > 4n edges, which
does not contain a complete bipartite subgraph K, s with r and s vertices in
its classes, s > r.

Then the crossing number of G satisfies

63+1/(r71)

CR(G) >

C S
= s ot 1/(r-1)°

where ¢, s > 0 is a suitable constant. These bounds are tight up to a constant
factor if r = 2,3, or if r is arbitrary and s > (r — 1)!.

The bisection width, b(G), of a graph G is defined as the minimum number
of edges whose removal splits the graph into two roughly equal subgraphs.
More precisely, b(G) is the minimum number of edges running between V;
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and V5, over all partitions of the vertex set of G into two parts V7 U V5 such
that [Vi|, [Va| > n(G)/3.

Leighton [L83] observed that there is an intimate relationship between
the bisection width and the crossing number of a graph, which is based on
the Lipton—Tarjan separator theorem for planar graphs [LT79]. The proofs
of Theorems 3.1.1-3.1.3 are based on repeated application of the following
version of this relationship.

Theorem B. [PSS96] Let G be a graph of n wvertices, whose degrees are
dl, dQ, ey dn Then

HG) < 10/oR(G) +2, 3.

Let k(n,e) denote the minimum crossing number of a graph G with n
vertices and at least e edges. That is,

k(n,e) = min  CR(G).
n(G)=n
e(G)>e

It follows from Theorem A that, for e > 4n, k(n, e)n?/e® is bounded from
below and from above by two positive constants. Paul Erdés and Richard
K. Guy [EGT3] conjectured that if e > n then lim k(n, e)n?/e® exists. (We
use the notation f(n) > g(n) to express that lim, . f(n)/g(n) = c0.) In
Section 3.4, we settle this problem.

Theorem 3.1.4. I[fn < e < n?, then

n2
lim k(n,e)—= =C >0

n—00 e3 o
ex1sts.

We call the constant C' > 0 in Theorem 3.1.4 the midrange crossing
constant. It is necessary to limit the range of e from below and from above.
(See the Remark at the end of Section 3.4.)

All of the above problems can be reformulated for graph drawings on
other surfaces. Let S, denote a torus with g holes, i.e., a compact oriented
surface of genus g with no boundary. Define cr,(G), the crossing number of
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G on S, as the minimum number of crossing points in any drawing of G on
Sy. Let
Kg(n,e) = min  CRy(G).
! n(G)=n !
e(G) > e

With this notation, cro(G) is the planar crossing number and ky(n,e) =
K(n,e).

In Section 3.5, we prove that there is a midrange crossing constant for
graph drawings on any surface S, of fixed genus g > 0.

Theorem 3.1.5. For every g > 0, if n < e < n? then the limit

2
) n
Jim rg(n, €)=

exists and is equal to the constant C' > 0 in Theorem 3.1.4.

To prove this result, we have to generalize Theorem B.

Theorem 3.1.6. Let G be a graph of n vertices, whose degrees are dy,ds, . . .,
d,. Then

b(G) < 300(1 + g3/4)$ CRy(G) + _Z d2.

3.2 Crossing numbers and monotone
properties — Proof of Theorem 3.1.1

Let P be a monotone graph property with ex(n,P) < An't® for some
A,a > 0. Let G be a graph with vertex set V(G) and edge set E(G), where
[V(G)|] = n(G) = n and |E(G)| = e(G) = e. Suppose that G satisfies

property P and e > cnlog?n. To prove Theorem 3.1.1, we assume that

62+1/t:|z

cr(G) <

nl—i—l/a )

and, if ¢ and ¢ are suitable constant, we will obtain a contradiction.
We break G into smaller components, according to the following proce-
dure.
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DECOMPOSITION ALGORITHM

STEP 0. Let G° =G, GY =G, My =1,my = 1.

Suppose that we have already executed STEP ¢, and that the result-
ing graph, G, consists of M; components, G%, G5, . . ., GZMZ,, each of at most
(2/3)'n vertices. Assume, without loss of generality, that the first m; compo-
nents of G’ have at least (2/3)""!n vertices and the remaining M; — m; have
fewer. Then

(2/3)"'n(G) < n(Gh) < (2/3)'n(G) (j=1,2,...,my).

Thus, we have that m; < (3/2)"L.
STEP ¢ + 1. If

1 6l/cu
(2A4)1/a  pl+t/a’

(2/3)i < 31)
then sTOP. (1) is called the stopping rule.

Else, for j = 1,2,...,m;, delete b(G") edges from G’ such that G falls
into two components, each of at most (2/3)n(G"%) vertices. Let G'*' denote

the resulting graph on the original set of n vertices. Clearly, each component
of G has at most (2/3)""n vertices.

Suppose that the DECOMPOSITION ALGORITHM terminates in STEP k +
1. If £ > 0, then

1 et/

k
BN < Gapr e =

(2/3)*".

First, we give an upper bound on the total number of edges deleted from
G.

Using that, for any non-negative reals ay, as, . . ., 4,

i\/‘?L_jS« mi% (3.2)

we obtain that, for any 0 < i < k,

mz Jor(GE) < $m,~ i CR(GE) < \/(3/2)1\/cr(G)
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0162—1—1/04

B2 e

Denoting by d(v, G;) the degree of vertex v in G;, we have

iJ S 20,6 <62 [ S 2,6

i=1\|vev (@) veV (Gi)

<\/3/2”1\/max d(v,G") > d(v,GY)

veVI(GY) VeV (G

< /(3/2)11/(2/3)in(2e) = V3en.

In view of Theorem B in the Introduction, the total number of edges deleted
during the procedure is

k— k—1 m; k—1 m;
zz (GH<10 S Jor@Gh +253 | 3 .6
=0 j =0 j=1 =0 j=1 UEV(Gj)
2+1/a
<10V (3/2)F + 2k+v/3en

2+1/a nl—i—l/oz e
<250f\/ ey \/(2A)1/a —a + 2kv3en < 2

provided that ¢ is sufficiently small and c¢ is sufficiently large.
Therefore, the number of edges of the graph G* obtained in the final
STEP of the algorithm satisfies

e(GF) >

(Note that this inequality trivially holds if the algorithm terminates in the
very first STEP, i.e., when k& = 0.)

Next we give a lower bound on e(G*). The number of vertices of each
connected component of G* satisfies

Gk < (2/3)F ! (=N Get2m
n(@) < @ < G wrmen = (g) U= 120 M)
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Since each Gé‘? has property P, it follows that

e

k Lo vk k
e(GF) < AnT(GY) < An(GY) - A

Therefore, for the total number of edges of G, we have

Mlc

M,

the desired contradiction. This proves the bound of Theorem 3.1.1.

It remains to show that the bound is tight up to a constant factor. Sup-
pose that ex(n,P) > A'n'*® For every e (cn < e < An'™®), we construct a
graph G of at most n vertices and at least e edges, which has property P
and crossing number

62+1/t:|z
(@) < S
for a suitable constant ¢’ = (A’ ).
Let
[ 2e s
- {A’n-‘ ’

and let G, denote a graph of k vertices and at least A’k edges, which has
property P. Clearly,

CR(Gk) S 62(Gk> S (A/{Z1+a)2 — A2]€2+2a.

Let G be the union of |n/k| disjoint copies of Gi. Then n(G) = |n/k|k <mn,

e(@) = {%J e(Gr) = S Ak > e,

1 1+2a
CR(G) = {%J OR(Gy) < TAP < A% (2 (Zen) )

23+2a+1/aA2 e2+1/o¢

(A/)2+1/a S plttja’

as required. O
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3.3 Forbidden subgraphs
— Proofs of Theorems 3.1.2 and 3.1.3

In Section 3.2, we established Theorem 3.1.1 under the assumption e >
cnlog? n, where c is a suitable constant depending on property P. It seems
very likely that the same result is true for every e > cn. The appearance of
the log? n factor was due to the fact that to estimate the total number of edges
deleted during the DECOMPOSITION ALGORITHM, we applied Theorem B.
We used a poor upper bound on the term 3" d?, because some of the degrees d;
may be very large. However, in some interesting special cases, this difficulty
can be avoided by a simple trick. We can split each vertex of high degree into
vertices of ‘average degree,” unless the new graph ceases to have property P.

We illustrate this technique by proving the following result, which is the
r = s = 2 special case of Theorem 3.1.3 and a slight modification of Theorem
3.1.2 for r = 2.

Theorem 3.3.1. Let G be a Ky o-free (Cy-free) graph with n(G) = n vertices
and e(G) = e edges, e > 1000n. Then

1 €t
C > — .
R(G) = 108 n3

This bound is tight up to a constant factor.

Proof. Let GG be a graph with n vertices and e > 1000n edges, which does
not contain K9 as a subgraph. Suppose, in order to obtain a contradiction,
that

1 et
108 n3’
and G is drawn in the plane with CR(G) crossings.

First, we split every vertex of G whose degree exceeds d := 2e/n into
vertices of degree at most d, as follows. Let v be a vertex of G with degree
d(v,G) = d(v) = d > d, and let vwy, vws, . .., vw,y be the edges incident to v,
listed in clockwise order. Replace v by [d/d] new vertices, vy, vy, . .. s Ula/a) s
placed in clockwise order on a very small circle around v. Without intro-
ducing any new crossings, connect w; to v; if and only if dii—1)<j<di
(1 <j<d1<i<][d/d]). Repeat this procedure for every vertex whose
degree exceeds d, and denote the resulting graph by G'.

CR(G) <
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Obviously, G’ is also Kso-free, e(G') = e(G) = e, and

1 ¢*(G)
108 n3(G)’

crR(G") < cr(G) <

Since all but at most n vertices of G’ have degree d, we have n(G’) < 2n(G) =
2n.

Apply the DECOMPOSITION ALGORITHM described in the previous sec-
tion to the graph G’ with the difference that, instead of (1), use the following
stopping rule: STOP in STEP ¢ + 1 if

() < e

Suppose that the algorithm terminates in STEP k£ + 1. If £ > 0, then
e2(G")
2/3)F < ———~- < (2/3)"!
Just like in the proof of Theorem 3.1.1, for every ¢ < k, we have that

2

>\ Jon(G) < /(327 er(G) < 1372

and, using the fact that the maximum degree in G’ is at most d,

iJ 3 dQ(U,Gé)g\/3/2’+1\/ S @20,

J=1\| veV(G%) veV(G')

< \/(3/2)”1\/32@((}') <2./(3/2)+1-=

N
Hence, by Theorem B, the total number of edges deleted during the al-
gorithm is

k— k—1 m; k—1 m;
zz HGH <10 Y Jor(@GH+23 Y | S (v, G
=0 j= =0 j5=1 =0 j=1 UEV(Gi)

J

2k1

H—l i z+1
< 1000”3/2 ZZO\/ 3/2) +4\/EZ~/ 3/2)

60



\(3/2)F —1 e? 4e
=4/3/2 +—
/3/2 -1 1000n3/2 ~ /n
n3/? e 4e e e
1 — — +4 —.
< 100= <1000n3/2 " \/ﬁ> Sty
Therefore, for the resulting graph,

e(GF) >
On the other hand, each component of G* has relatively few vertices:

e? e?

16n2(G") ~ 16n2(G*) (

n(GY) < (2/3)*n(G") < §=1,2,...,M).

Claim C. [R58] Let ex(n, Ks ) denote the mazimum number of edges that a
K o-free graph with n vertices can have. Then

1+m)

n(
eX(n, K272) S

f < 32,
Applying the Claim to each Gi, we obtain
k 3/2( ik k e’
G(G])STL (GJ)<TL(G]) MST(G%)’
therefore,
k L k e & k €
e(G") :jzle(Gj) < m;n(%) =7

the desired contradiction. The tightness of Theorem 3.3.1 immediately fol-
lows from the fact that Theorem 3.1.1 was tight. O

Theorems 3.1.2 and 3.1.3 can be proved similarly. It is enough to notice
that splitting a vertex of high degree does not decrease the girth of a graph
G and does not create a subgraph isomorphic to K, ;. Instead of Claim C,
now we need

Claim C’. [BS74], [Br66], [Be66|, [S66], [WI1] For a fized positive integer
r, let Go. denote the property that the girth of a graph is larger than 2r.
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Then the mazimum number of edges of a graph with n vertices, which has

property Ga,, satisfies
ex(n, Ga) = O(n'*/7).

Forr =23 and 5, this bound is tight.
Claim C”. [KST54], [F96], [ER62], [Br66], [ARS99] For any integers s >

r > 2, the maximum number of edges of a K, s-free graph of n wvertices,
satisfies
ex(n, K,.,) = O(n?>~V/").

This bound is tight for s > (r — 1)!.

In case r = 3, we obtain the following slight generalization of Theorem
3.1.2.

Theorem 3.3.2. Let G be a graph of n vertices and e > 4n edges, which
contains no cycle Cq of length 6.
Then, for a suitable constant c; > 0, we have

el

CR(G) > cg—-

n

To establish Theorem 3.3.2, it is enough to modify the proof of Theorem
3.1.2 at one point. Before splitting the high-degree vertices of G and running
the DECOMPOSITION ALGORITHM, we have to turn G into a bipartite graph,
by deleting at most half of its edges. After that, splitting a vertex cannot
create a (g, and the rest of the above argument shows that the crossing
number of the remaining graph still exceeds cgfl—i.

We do not see, however, how to obtain the analogous generalization of
Theorem 3.1.2 for r > 3.

3.4 Midrange crossing constant
in the plane — Proof of Theorem 3.1.4
Lemma 3.4.1. (i) For any a > 0, the limit

v[la] = lim r(n, na)

n—00 n

exists and is finite.
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(ii) v[a] is a convex continuous function.
(iii) For any a>4,1>0 >0,

vla] = ~la(1 = 9)] < 4[a(1 +9)] — yla] < 10°07[a].

by taking the limit as n — oo

Proof. Clearly, any two graphs, G; and Gs, can be drawn in the plane so
that the edges of G; do not intersect the edges of G5. Therefore,

K(ny +ng,e1 + e) < k(ng,er) + k(ng, e3). (3.3)

In particular, the function f,(n) = k(n,na) is subadditive and hence the
limit
vla] = lim £(n, na)

n—0o0 n

exists and is finite for every fixed a > 0. It also follows from (3.3) that for
any a,b >0 and 1 > a > 0, if n and an are both integers,

k(n, (aa+ (1 — a)b)n) < k(an,aan) + k((1 — a)n, (1 — a)bn),
so for any 1 > « > 0 rational,
Yaa+ (1= a)b] < avla] + (1 = a)y[0].

But since the function 7[a] is monotone increasing, it follows that for any
1>a>0,

Yaa+ (1 - a)b] < avla] + (1 —a)y[b]. (3-4)

That is, the function 7[a] is convez. In particular, for every 1 > § > 0, we
have
Yla] = ~la(l = 6)] < ~yla(l +6)] — yld].
It is known that for any a > 4,
a’n a’

100 < w(n,an) < a’n = 100 <Ala] <a® (3.5)

(see e.g. [PTI97]). Let a >4, 1> § > 0. By (3.4),
a(l+90)] < (1 = d)vla] + d7[2a].
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Therefore, using (3.5),
7la(1 +6)] = 7[a] < 6v[2a] < 08a® < 10°dy[a]. O

Set
7[a]

C = limsup —-.
a

a—00

By (3.5), we have that C' < 1.

Lemma 3.4.2. For any 0 < € < 1, there exists N = N(¢) such that k(n,e) >
Cfl—z(l — €), whenever min{n,e/n,n*/e} > N.

Proof. Let A > 16%9 be a rational number satisfying

[A] ¢
— 1—-——). .
Vil C( 10) (3.6)
Let N = N(¢) > A such that, if n > N, e =nA’, and |A — A’| < Ae, then
k(n,e) > y[A](1 - 1—60)71 (3.7)
Let n and e be fixed, min{n,e/n,n*/e} > N and let G = (V,E) be a
graph with |V| = n vertices and |E| = e edges, drawn in the plane with

k(n,e) crossings. Set p = An/e. Let U be a randomly chosen subset of V/
with Pr[v € U] = p, independently for all v € V. Let v = |U|, and let n
(resp. &) be the number of edges (resp. crossings) in the (drawing of the)
subgraph of G induced by the elements of U.

v has mean pn and variance p(1 — p)n < pn, so, by the Chebyshev

Inequality,
€

E.

Write n = 3" I, where the sum is taken over all edges uwv = vu € F,
and I, denotes the indicator for the event u,v € U. Obviously, E[n] =
S wver ElLuw] = ep?. We decompose

Var[n] = > Var[l,]+ Y. Covllyw, Lu,

uvel uv,uweE

€

as Cov[lyy, I,,] = 0 when all four indices are distinct. As always with indi-
cators, we have

Y Var[lo) < 3 E[L) = Eln) = ep.

uwveE wel
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Using the bound Cov|ly,, L] < E[luwluw] = p?, we obtain

i < e 5 (1)),

veV

where d(v) is the degree of vertex v in G. But ),y d(v) = 2e and all
d(v) <mn, so
d(v 2
> < 5 ) Z d“(v) < en.
veV UEV
Thus, we have

Var [n] < p?e + p’en < 2p’en,
as pn = An?/e > 1. Again, by the Chebyshev Inequality,

2 € 2
Pr{|n—pe|>1—04p e] <1—0

With probability at least 1 — g,

and

e(l - — 2e(1+ —

so with probability at least 1 — £,
€ i 3€
Al—-—)< =A< A1+ —
Therefore, in view of (3.7), with probability at least 1 — £, the subgraph of
G induced by U has at least pn(1 — <5)v[A](1 - 55) crossmgs But then, we

have
€

B> (1 - Hpn(1 - 141 - )
> (1= Spn(1 — A1 - 251 - o)

3e €

> (1= pn(l = 15)CA(1 = ) (1= ) (1= 5) = (1= CApn,

where the second and third inequalities follow from Lemma 3.4.1(iii) and
from the choice of A, respectively.
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On the other hand,
E[¢] = p'r(n,e),

as every crossing lies in U with probability p*. Thus

k(n,e) > (1 —¢)

(1—¢)

pnCA* e
P

as desired. O

To complete the proof of Theorem 3.1.4, we have to establish the “coun-
terpart” of Lemma 3.4.2.

Lemma 3.4.3. For any 1 > ¢ > 0, there exists M = M(e) such that
K(n,e) < C’fl—z(l + ¢€), whenever min{n,e/n,n*/e} > M.

Proof. Let A > 16%4 be a rational number satisfying

€ ~[A] €
0(1—1—0)<F<C(1+1—0).

Let My = M;(€) > A such that, if n > M; and e = nA, then

CA*n(1 — §> < k(n,e) < CAn(1 + g)

Let G; = G1(n1,e1) be a graph with n; > M; vertices, e; = An; edges,
and suppose that G is drawn in the plane with k(ny,e;) crossings, where
CA’ni(1-£) < K(ny,e1) < CA%ny(14£). For each vertex v of Gy with degree
d(v) > A%?% we do the following. Let d(v) = rA%? 4 s, where 0 < s < A%/2,
Substitute v with r + 1 vertices, each of degree A%2, except one which has
degree s, each drawn very close to the original position of v. Clearly, this
can be done without creating any additional crossing. We obtain a graph
G2(ng, e2) such that

<ng <m(l+ 2 ) <ny(l+ ‘ )
ny <nyg <n —)<n —
1SN Sy Ja=m 10"
ey = e1, and Gy is drawn in the plane with x(nq,e;) crossings.
Suppose that n and e are fixed, min{n, e/n,n%/e} > M(e) = 1224 Let
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so that
n=KILn, and e = KL%,.
Let . .
L= {L(l + 1—0)J and K = LK(I - 1—0)J
and let
n = f(zng and € = f([?eg.
Then n(1—¢) <n <nand ey <é < ey(l+ 7), so we have k(n,e) < k(n, €).
Substitute each vertex of G, with L very close vertices, and substitute
cach edge of G5 with the corresponding L? edges, all running very close to
the original edge. Make K copies of this drawing, each separated from the
others. This way we got a graph G(7,¢) drawn in the plane. We estimate
the number of crossings X in this drawing.
A crossing in the original drawing of G corresponds to K L* crossings in
the present drawing of G. For any two edges of G5 with common endpoint,
uv and ww, the edges arise from them have at most K L* crossings with each

other. So
X <KL (/i(nl,el)+ )3 <d(2v)>)

UEV(GQ)
But > cv (g, d(v) = 2e5 and d(v) < A*2, so

s () <o,

veV (Ga)

Therefore,

k(n,e) < k(&) < ¢ < KL*%(ny, e1) + KL*3A>?ny < KL*k(ny, e1)(1 + i)

10
3
KI*CAn(1+ 90+ S = Ri‘cin+SH+ £
< CA’ny( +5)( +10) Cn%( +5)( +10)
e € € € e3
KL'C2(1+ )1+ )1+ — 1 —. O
< n%( +10)( +5)( +10)<C( +€)n2

Remark.

We cannot decide whether Theorem 3.1.4 remains true under the weaker
condition that Cin < e < Cyn? for suitable positive constants C; and Cs.
If the answer were in the affirmative, then, clearly, C; > 3. We would also
have that Cy < 1/2, because, by [G72], for e = (g), CR(K,) > (55 — e)fL—Z for
any € > 0 if n is large enough.
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3.5 Midrange crossing constants on
other surfaces — Proof of Theorem 3.1.5

Lemma 3.5.1. For any integer g > 0 and for any 1 > € > 0, there exists
N = N(g,¢) such that riy(n, e) > C%(1—¢), whenever min{n, e/n,n*?/e} >
N.

Proof. For g = 0, the assertion follows from Lemma 3.4.2. Suppose that
g > 01is fixed and we have already proved the lemma for g —1. For any € > 0,
let N(g,¢€) = t%sgN(g — 1,€/10). Suppose, in order to get a contradiction,
that min{n, e/n,n*?/e} > N, and let G(n,e) be a graph drawn on S, with
cry(G) = Kry(n,e) < Cfl—z(l — €) crossings.

As long as there is an edge with at least 4C Z—z crossings, delete it. Let
the resulting graph be Gi(nq,e;). Suppose that we deleted e’ edges. Then
(G1 has n; = n vertices, e; = ¢ — ¢’ edges, and the number of crossings in the
resulting drawing of G, is at most cr,(G) — 402—226'. Therefore, ¢’ < e/4, so

e > e; > 3e/4. It is not hard to check that cr,(Gy) < C’Z—z(l —¢€) and G4
1
contains no edge with more than 4C 5_22 < 8C Z—z crossings.
1

Consider all cycles of G, as they are drawn on S,. If each cycle is
trivial, i.e., each cycle is contractible to a point of Sy, then every connected
component of G is contractible to a point. That is, in this case, our drawing
of G on S, is equivalent to a drawing of G; on the plane. Consequently,
CRy—1(G1) < crg(Gh) < C’Z—Z(l — ¢€) contradicting the induction hypothesis.

Suppose that there is a non-trivial (i.e., non-contractible) cycle C of G,

800 edges Clearly, C contains a non-trivial closed curve, C’,
which does not intersect itself. The total number of crossings along C' is at

most
€

€ n?
80C ¢ tsol n2 10"

Delete all edges that cross C'. Cut S, along C'. Replace every vertex
(resp. edge) C' by two vertices, one on each side of the cut. Every edge of
G arriving at a vertex v of C' from a given side of the cut will be connected
to the copy of v lying on the same side. Thus, we obtain a graph Gs(ns, €3),
drawn with fewer than cr,(G;) crossings. Attaching a half-sphere to each
side of the cut, we obtain either a surface of genus ¢ — 1 or two surfaces
whose genuses are smaller than g. We discuss only the former case (the

68



calculation in the latter one is very similar). Since we doubled at most

el :11 = eng le 8010 < eng< N < myy vertices and deleted at most 5 € edges, we
have ny < ny (14 55) and e; > e1(1 — 55). In the resulting dravvmg there are

fewer than erg(Gl) crossings, therefore

3

e €. _ €
ety 1(G) < eny(G1) < 01— < 2<1 — 91— )1+ Y
3
€
< _ =
- Cn2(1 10)

contradicting the induction hypothesis.
Thus, we can assume that every non-trivial cycle of G; contains at least

2
00 Zl edges. For each vertex v of G; with degree d(v) > 16?1611, we do the

following. Let d(v) = 7“1061 + s, where 0 < s < 1061 Without creating any
10ey

new crossing, replace v by r 4+ 1 nearby vertices, eaeh of degree , except
one, whose degree is s. We obtain a graph Gg(ng,eg) drawn on Sg with
ny <ng <ny(1+ g), ez = e1, and with the same number of crossings as G;.
Hence,

o3 3 3 ¢

e
< < —a)<C23(1- )2 < _ =
CRy(G3) < CRy(G1) Cnl (1—%¢) Cn§<1 e)(1+ 5) < Cn3<1 2)

The maximum degree D in G3 cannot exceed 16?1—611 < 184 and the length

eng ’
2 2
ny e N3

of each non-trivial cycle is at least g5zot > og - Apply to Gy the DE-
COMPOSITION ALGORITHM described in Section 3.2 with the difference that,
instead of (1), use the following stopping rule: STOP in STEP ¢ + 1 if

€ N3

2/3)¢ -,
(2/3)" < 100C e

Suppose that the algorithm terminates in STEP k£ + 1. Then

€

/3 < goee. < 213

First, we give an upper bound on the total number of edges deleted from
G3. Let G = GY = G35 and my = 1. Using (2), we obtain that, for every
0<i<k,

% CRy(Gh) < \lmiiCRg(G;) \/ (3/2) "H\/CR G3)



(3/2)i+1 Ce_g(l _ E)
n3 2

Denoting by d(v, G;) the degree of vertex v in G;-, we have

J=1 UEV(G;) veV (G?)

mZJ S ) < B [ > #eo

g\/(3/2)i+1\/ max d(v,G") > d(v,GY)

veV (GY) VeV (G

18e3
/322+1 32 /32z+1
/ 63 / en

By Theorem 3.1.6 (proved in the last section), the total number of edges
deleted during the algorithm is

i=0 j=1 i=0 j=1 veV (G

k—1 m; k—1 m;
>3 TH(GE) <3001 + g7 Zzwmg G+ Y ?(v.G)

k—1 m; k—1 m;
< 300(1+ g¥*) 373 Jery(GE) +300(1 + ¢*/%) ZZJ > 2,6

=0 j=1 i=0j=1\| veV(GY)

< 300(1 + ¢*/) Z\/ 3/2@+1< C 1——)+6 Zg)

< 300(1+g 3/4\/7V\/3/>2_1 ( Cn2(1—§)+6\/%)

€3 €
< 2000 1+g3/4\/ ,/ ( 1——)+6— < ez—.
\/€EN3 10

Therefore, the number of edges e(Gk) of the graph G* obtained in the
final STEP of the algorithm satisfies e(G*) > e3(1—+5). Consider the drawing
of G* on S, inherited from the drawing of G3. Each connected component

2
of G* has fewer than IOBC:—: vertices, therefore, each cycle of G*, as drawn
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on Sy, is contractible to a point. Consequently, this drawing is equivalent to
a planar drawing of G*. Hence,

CR,_1(G") < CRo(G*) < CR,(G3) < 02—%(1 — g)
e3(GF) € €. _5 e3(G*) €
et 1p) T < Clagn )

a contradiction. This concludes the proof of Lemma 3.5.1. O

IN

C

Lemma 3.5.2. For any integer g > 0 and for any € > 0, there exists N' =
N'(g,€) such that k4(n,e) > 02—2(1 — ¢€), whenever min{n,e/n,n*/e} > N'.

Proof. The proof is analogous to that of Lemma 3.4.2. O

Lemma 3.5.3. For any integer g > 0 and for any € > 0, there exists M =
M(g,€) such that k4(n,e) < C’fl—z(l + €), whenever min{n,e/n,n*/e} > M.

Proof. Clearly, for any graph G and for any g > 0, we have CRo(G) >
CR,4(G). Therefore, Lemma 3.5.3 is a direct consequence of Lemma 3.4.3. O

Theorem 3.1.5 now readily follows from Lemmas 3.5.2 and 3.5.3.

3.6 A separator theorem
— Proof of Theorem 3.1.6

For the proof of Theorem 3.1.6, we need a slight variation of the notion of
bisection width. The weak bisection width, b(G), of a graph G is defined
as the minimum number of edges whose removal splits the graph into two
components, each of size at least |V(G)|/5. That is,

b(G)= min |E(V4, VB)|,

[Val,lVB|2n/5

where E(Vy4,Vp) denotes the number of edges between V4 and Vg, and the
minimum is taken over all partitions V(G) = V4 U Vg with |V4l,|Ve| >
[V(G)|/5.

Lemma 3.6.1. For any graph G, we have
b(G) <b(G) < QIlglélé{b(H).
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Proof. The first inequality is obviously true. To prove the second one,
let |V(G)| = n and consider a partition V(G) = V4 U Vg such that n/5 <
|Val, V| < 4n/5 and |E(Vy, Vs)| = b(G). Suppose that |V4] < |Vp|. If
n/3 < |Va|, then b(G) = b(G) and we are done. So we can assume that
n/5 < |Va| <n/3 and 2n/3 < |Vg| < 4n/5.

Let H be the subgraph of GG induced by Vg. By definition, there is
a partition Vg = V}, UV} such that |[Vg|/5 < |Vi|,|VE] < 4]VB|/5 and
|E(VL, VE)| = b(H). We can assume that |V4| < [V4]. Then

SMSIV&S

n 4Vg| _16n  2n
= < — <=
3 2 5 T 25 3

Letting V; = V4UV} and Vo = Vi, we have V(G) = ViUV, n/3 < V4], Vo] <
2n/3, ~ ~
and the result follows. O

Theorem 3.1.6 is an immediate consequence of Lemma 3.6.1 and the fol-
lowing statement.

Theorem 3.6.2. Let G be a graph with n vertices of degrees dy,ds, ..., d,.
Then

b(G) < 150(1 + g3/4)$ crg(G) + > d2.

=1

Proof. Clearly, we can assume that GG contains no isolated vertices, that is,
d; > 0 for all 1 <4 <n. Consider a drawing of G on S, with exactly CR,(G)
crossings. Let vy, vq,...,v, be the vertices of G with degrees dy,ds,. .., d,,
respectively. Introduce a new vertex at each crossing. Denote the set of these
vertices by Vy. Replace each v; € V(G) (i = 1,2...,n) by aset V; of vertices
forming a d; x d; piece of a square grid, in which each vertex is connected to
its horizontal and vertical neighbors. Let each edge incident to v; be hooked
up to distinct vertices along one side of the boundary of V; without creating
any crossing. These d; vertices will be called the special boundary vertices of
Vi.

Thus, we obtain a graph H of 37 [Vi| = CR,(G) + X", d? vertices and
no crossing (see Fig. 3.1.). For each 1 < i < n, assign weight 1/d; to each
special boundary vertex of V;. Assign weight 0 to all other vertices of H. For
any subset v of the vertex set of H, let w(r) denote the total weight of the
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Figure 3.1: Replace the vertices by square grids

vertices belonging to v. With this notation, w(V;) = 1 for each 1 < i < n.
Consequently, w(V(H)) = n.

Since H is drawn on S, without crossing, H does not contain K, as a
minor, where o = [44-4,/g] [RY68]. Then, by a result of Alon, Seymour, and
Thomas [ASTI0], the vertices of H can be partitioned into three sets, A, B
and C, such that w(A),w(B) > n/3, |C| < 25(1 + g3/4)\/CRg(G) + >0, d2,
and there is no edge from A to B. Let A, = ANV,, B;,=BnNV;,C; =CnNYV,
(1=0,1,...,n).

For any 1 < i < n, we say that V; is of type A (resp. type B) if w(A;) > 5/6
(resp. w(B;) > 5/6), and it is of type C, otherwise.

Define a partition V(G) = V4 U Vg of the vertex set of G, as follows. For
any 1 < i <mn, let v; € V4 (resp. v; € V) if V; is of type A (resp. type B).
The remaining vertices, {v; | V; is of type C' } are assigned either to V4 or
to Vg so as to minimize ||V4]| — |V5]|.

Claim 3.6.3. n/5 < |V4|,|VEs| < 4n/5

To prove the claim, define another partition V(H) = AUBUC such that
ANV;=ANV;and BNV, = BNV, for i = 0 and for every V; of type C.
If V; is of type A (resp. type B), then let V; = A; C A (resp. V; = B; C B),
finally, let C = V(H) — A — B.

For any V; of type A, w(A;) — w(4;) < w(4;)/5. Similarly, for any V; of
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type B, w(B;) — w(BZ) w(B;)/5. Therefore,
)| < max{w(A),w(B)}/5 < 2n/15.

(A
) < 4n/5 and, analogously, n/5 < w(B) < 4n/5. In
w(B)| < 3n/5. Using the minimality of ||[Va| — |V5]|, we
|VB|| < 3n/5, which implies Claim 3.6.3.

Hence, n/5 < w(A
particular, |w(A) —
obtain that ||Va| —

AO BO cCe

Figure 3.2: Switch the uv segment of e and f.

Claim 3.6.4. For any 1 <1 <n,

(i) if V; is of type A (resp. of type B), then w(B;)d; < |C;| (resp. w(A;)d; <
|Cil);

(ii) if V; is of type C, then d;/6 < |C;l.

In V;, every connected component belonging to A; is separated from every
connected component belonging to B; by vertices in C;. There are w(A;)d;
(resp. w(B;)d;) special boundary vertices in V;, which belong to A; (resp.
B;). It can be shown by an easy case analysis that the number of separating
points |C;| > min{w(A4;), w(B;)}d;, and Claim 3.6.4 follows (see Fig. 3.2.).

In order to establish Theorem 3.6.2 (and hence Theorem 3.1.6), it remains
to prove the following statement.

Claim 3.6.5. The total number of edges between V4 to Vg satisfies

|E(Va, V)| < 150(1 + g3/4)$ CRy(G) + ) _d2.

74



To see this, denote by FEj the set of all edges of H adjacent to at least
one element of Cy. For any 1 < i < n, define E; C E(H) as follows. If V; is
of type A (resp. type B), let E; consist of all edges leaving V; and adjacent
to a special boundary vertex belonging to B; (resp. A;). If V; is of type C,
let all edges leaving V; belong to E;.

For any 1 < i < n, let E! denote the set of edges of G' corresponding to
the elements of E; (0 <1i < n). Clearly, we have |E]| < |E;|, because distinct
edges of G give rise to distinct edges of H. It is easy to see that every edge
between V4 and Vg belongs to Ul E.

Obviously, |Epy| < |Eo| < 4]|Cp|. By Claim 3.6.4, if V; is of type A or of type
B, then |E]| < |E;| < |Ci|. If V; is of type C, then |E!| < |E;| = d; < 6|Cy.
Therefore,

|E(Va, V)| < [ULo Ei] < > |Ei| <6|C| <150(1+ 93/4% ORg(G) + 3 d}.

(3
=0 i=1

This concludes the proof of Claim 3.6.5 and hence Theorem 3.6.2 and
Theorem 3.1.6. O

Acknowledgement. We would like to express our gratitude to Zoltdn Szabd
for his help in writing Section 3.5, and to Laszlé Székely for many very useful
remarks.
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Chapter 4

Which crossing number is it,
anyway”?!

This chapter is based on the papers [PT98], [T06] and part of [PT00a].

A drawing of a graph G is a mapping which assigns to each vertex a
point of the plane and to each edge a simple continuous arc connecting the
corresponding two points. The crossing number CR(G) of a graph G is the
minimum possible number of edge-crossings in a drawing of G, the pair-
crossing number PAIR-CR(G) is the minimum possible number of crossing
pairs of edges in a drawing of GG, and the odd-crossing number ODD-CR(G)
is the minimum number of pairs of edges that cross an odd number of times.
Clearly, oDD-CR(G) < PAIR-CR(G) < CR(G).

We prove that the largest of these numbers (the crossing number) cannot
exceed twice the square of the smallest (the odd-crossing number). Our proof
is based on the following generalization of an old result of Hanani, which is
of independent interest. Let G be a graph and let Ej be a subset of its edges
such that there is a drawing of G, in which every edge belonging to Ej crosses
any other edge an even number of times. Then G can be redrawn so that
the elements of Ej are not involved in any crossing.

We prove a better inequality for the crossing number in terms of the
pair-crossing number; slightly improving the bound of Valtr, we show that
if the pair-crossing number of G is k, then its crossing number is at most
O(k?/log k).

We construct graphs with 0.855PAIR-CR(G) > ODD-CR(G). This im-
proves the bound of Schaefer and Stefankovic.

We show that the determination of each of these parameters is an NP-
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hard problem and it is NP-complete in the case of the crossing number and
the odd-crossing number.

Finally, we introduce even more variants of the crossing number prove
some inequalities and pose some open questions.

4.1 Introduction

The crossing number of a graph G is usually defined as “the minimum num-
ber of edge crossings in any drawing of G in the plane” [BL84]. However,
one has to be careful with this definition, because it can be interpreted in
several ways. Sometimes it is assumed that in a proper drawing no two
edges cross more than once, and if two edges share an endpoint, they cannot
have another point in common ([WB78], [B91]). Many authors do not make
this assumption ([T70], [GJ83], [SSSVI7]). If two edges are allowed to cross
several times, we may count their intersections with multiplicity or without.
We may also wish to impose some further restrictions on the drawings (e.g.,
the edges must be straight-line segments [J71], or polygonal paths of length
at most & [BD93]). No matter what definition we use, the determination
of the crossing number of a graph appears to be an extremely difficult task
([GJ83], [BI1]). In fact, we do not even know the asymptotic value of any of
the above quantities for the complete graph K, with n vertices and for the
complete bipartite graph K, ,, with 2n vertices, as n tends to infinity [RT97].
The latter question, raised more than fifty years ago, is often referred to as
Turdn’s Brick Factory Problem [T77] or as Zarankiewicz’s problem [G69].

In the present paper, we investigate the relationship between various
crossing numbers. First we agree on the terminology.

A drawing of a simple undirected graph is a mapping f that assigns to
each vertex a distinct point in the plane and to each edge uv a continuous
arc (i.e., a homeomorphic image of a closed interval) connecting f(u) and
f(v), not passing through the image of any other vertex. For simplicity, the
arc assigned to wwv is called an edge of the drawing, and if this leads to no
confusion, it is also denoted by uv. We assume that no three edges have an
interior point in common, and if two edges share an interior point p, then
they cross at p. We also assume that any two edges of a drawing have a only
a finite number of crossings (common interior points). A common endpoint
of two edges does not count as a crossing.

Definition. Let GG be a simple undirected graph.

78



(1) The rectilinear crossing number of G, LIN-CR(G), is the minimum number
of crossings in any drawing of G, in which every edge is represented by a
straight-line segment.

(ii) The crossing number of G, CR(G), is the minimum number of edge cross-
ings in any drawing of G.

(iii) The pairwise crossing number of G, PAIR-CR(G), is the minimum number
of pairs of edges (e, €') such that e and ¢’ determine at least one crossing, over
all drawings of G. (That is, now crossings are counted without multiplicities.)

(iv) The odd-crossing number of G, ODD-CR(G), is the minimum number of
pairs of edges (e, €’) such that e and €’ cross an odd number of times.

Clearly, we have

ODD-CR(G) < PAIR-CR(G) < CR(G) < LIN-CR(G),

It was shown by Bienstock and Dean [BD93] that there are graphs with
crossing number 4, whose rectilinear crossing numbers are arbitrarily large.
On the other hand, we cannot rule out the possibility that

ODD-CR(G) = PAIR-CR(G) = CR(G)

for every graph GG. The only result in this direction is the following remark-
able theorem of Hanani and Tutte (see also [LPS97]).

Theorem A. [Ch34], [T70] If a graph G can be drawn in the plane so that
any two edges which do not share an endpoint cross an even number of times,
then G is planar.

For a generalization of this result to other surfaces, see [CN99].

In a fixed drawing of a graph G, an edge is called even if it crosses every
other edge an even number of times. It follows from Theorem A that if all
edges of G are even, i.e., if ODD-CR(G) = 0, then CR(G) = 0. (In this case,
by Fary’s theorem [F48], we also have LIN-CR(G) = 0.) In the next section,
we establish the following generalization of this statement.

Theorem 4.1.1. For a fized drawing of a graph G, let Gy € G denote the
subgraph formed by all even edges.

Then G can be drawn in such a way that the edges belonging to Gy are
not involved in any crossing.
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At the end of the next section, we show how Theorem 4.1.1 implies that
if the odd-crossing number of a graph is bounded, then its crossing number
cannot be arbitrarily large. More precisely, we prove

Theorem 4.1.2. The crossing number of any graph G satisfies
CR(G) < 2 (0DD-CR(G))?.

Since PAIR-CR(G) > ODD-CR(G) for every graph G, it follows from Theo-
rem 4.1.2 that for any G, if PAIR-CR(G) = k, then CR(G) < 2k2. Valtr [VO05]
managed to improve this bound to CR(G) < 2k*/logk. Based on the ideas
of Valtr, we give a further little improvement.

Theorem 4.1.3. For any graph G, if PAIR-CR(G) = k, then
cr(G) < 9k*/1log” k.

Theorem 4.1.2 states that if ODD-CR(G) = k, then CR(G) < 2k? and this
is the best known bound. (Obviously it follows that PAIR-CR(G) < 2k* and
this is also the best known bound.) On the other hand, Pelsmajer, Schaefer
and Stefankovi¢ [PSS06] proved that oDD-CR(G) and PAIR-CR(G) are not
necessarity equal, they constructed a series of graphs with ODD-CR(G) <
(@ +0(1)) - PAIR-CR(G). We slightly improve their bound with a completely
different construction.

Theorem 4.1.4. There is a series of graphs G with

ODD-CR(G) < (¥ — g + 0(1)) - PAIR-CR(G).

Since PAIR-CR(G) < CR(G), Theorem 4.1.4 holds also for CR(G) instead
of PAIR-CR(G). Moreover, the whole argument works, without any change.

It was discovered by Leighton [L84] that the crossing number can be used
to obtain a lower bound on the chip area required for the VLSI circuit layout
of a graph. For this purpose, he proved the following general lower bound
for cR(G), which was discovered independently by Ajtai, Chvétal, Newborn,
and Szemerédi. The best known constant, 1/33.75, in the theorem is due to
Pach and Té6th.
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Theorem B. [ACNS82], [L84], [PTI7] Let G be a graph with vertex set V(G)
and edge set E(G) such that |E(G)| > 7.5|V(G)|. Then we have

1 |E@G)P
CR(G) > BB VL

In Section 4.5, we prove that a similar inequality holds for the odd-

crossing number.

Theorem 4.1.5. Let G be a graph with vertex set V(G) and edge set E(G)
such that |E(G)| > 4|V(G)|. Then we have

It was shown by Garey and Johnson [GJ83] that, given a graph G and an
integer K, it is an NP-complete problem to decide whether CR(G) < K. In
the last section we show that the same is true for the odd-crossing number.

Theorem 4.1.6. Given a graph G and an integer K, it is an NP-complete
problem to decide whether ODD-CR(G) < K.

We can not prove the same for the pair-crossing number. (See Remark
at the end of Section 4.1.6.)

4.2 Proofs of Theorems 4.1.1 and 4.1.2

First we establish Theorem 4.1.1. The proof somewhat resembles a proof of
Kuratowski’s theorem (see [BM76]).

Suppose that Theorem 4.1.1 is false. Then there exists a graph G with
vertex set V(G) =V and edge set E(G) = FE, and there is a subset Ey C E
such that G has a drawing, in which every edge in Ej is even, but there is no
drawing, in which none of these edges is involved in any crossing. Let us fix a
minimal counterezample to Theorem 4.1.1, i.e., a pair (G, Ey) such that there
exists no other pair (G, Ey), Fy C E, with the above property, for which
the triple (|E|,|Eol, [V]) would precede (|E|,|Eol|,|V]) in the lexicographic
ordering. In particular, it follows from the minimality of (G, Ey) that G is
connected.
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If it leads to no confusion, throughout this section GG will stand both for
the graph and for a particular drawing, in which all edges of Ej, are even.
Let Gy = (V, Ey). A path (resp. cycle) in G is said to be an Ey-path (resp.
Eo-cycle), if all of its edges belong to Ey. Two edges are called independent,
if they do not share an endpoint.

Claim 4.2.1. G and Gy = (V, Ey) satisfy the following properties.

(i) There is no vertex of degree 1 in Gy.

(ii) There are no two adjacent vertices of degree 2 in Gy.

(iii) In any subdivision of K5 or Ks3 contained in G, there are two paths
representing independent edges, such that neither of them is an Ey-path.

Proof. If v has degree 1 in Go = (V, Ey), and uv € Ey, then (G, Ey\{uv})
is another counterexample, (lexicographically) smaller than (G, Ep). If u,v
both have degree 2 in Gy and wv € Ej, then contract the edge uv and
remove all multiple edges (that is, keep only one copy of each edge), to
obtain a smaller counterexample. Finally, part (iii) is an immediate corollary
to Theorem A. O

Let C be any Ejy-cycle of G. A connected subgraph B C G is a bridge of
C' (in G) if it consists of either a single edge whose endpoints belong to V(C'),
or of a connected component of G — V(C') together with all edges connecting
it to C'. The endpoints of these edges in C' are called the endpoints of bridge
B. (See also [BM76].) In the following, P(z,y) will always denote a path in
G between two vertices, x and y.

Claim 4.2.2. G contains an Ey-cycle which has at least two bridges.

Proof. First we show that there is an Fy-cycle with a chord which is
either a single Ey-edge or an Ejy-path of length two.

Delete all isolated vertices of Gg. For every vertex v, which is adjacent
to exactly two vertices, u and w, in Gg, replace uv, vw, and v with the single
edge uww. Call the resulting multigraph Go. By Claim 4.2.1, the degree of
every vertex of Gy is at least 3.

Let P = xpxy...x,, be a longest path in CA?O. Vertex zy has at least 3
neighbors, and, by the maximality of the path, all of them are on P. Hence,
for some 1 <1 < 7, ZoT; and zox; are edges of GO Then zox; ... 2, is a cycle
with chord zoz; in Gy. Since every edge of Gy arose from elther an edge or a
path of length two in Gq, the corresponding edges of G form a cycle C' with
a chord ¢ which is either a single edge or an Ey-path of length 2.
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If C has at least two bridges, then we are done. Assume it has only one
bridge, B. Now c is not a single edge, otherwise B would be identical with
¢, and G = Gy = C' U c is not a counterexample. Therefore, we can assume
that ¢ is an Fy-path xvy of length 2.

The points x and y divide C' into two complementary paths (arcs). If two
vertices of C, a and b (different from x and y) do not belong to the same arc,
we say that the pair {z,y} separates a from b on C. Equivalently, the pair
{a, b} separates x from y.

We distinguish three cases.

CASE 1. B has no two endpoints separated by the pair {x,y}.

Let P(x,y) denote the arc of C' containing no endpoint of B in its interior.
Let G’ be the graph obtained from G by replacing P(x,y) with a single
edge zy, and let B = Ey U {zy}. It is easy to see that (G', EY) is also a
counterexample. By the minimality of (G, Ey), we have that G = G, i.e.,
P(z,y) is a single edge xy € Ej.

Swapping xy with the chord xvy, we obtain an Ey-cycle C' with a chord
xy. Therefore, C’ has at least two bridges, and Claim 4.2.2 is true.

CASE 2. There is a path P(a,b) C B, not passing through v, which connects
two points, a and b € V(C), separated by the pair {x,y}.

Since v and P(a, b) belong to the same bridge, there is a path P(v,q) C B
connecting v to an interior point g of P(a,b). Then G contains a subdivision
of K33 with vertex classes {z,y, ¢} and {a,b,v}. Moreover, all paths repre-
senting the edges of K33 belong to Ey, with the possible exceptions of those
adjacent to ¢. This contradicts Claim 4.2.1 (iii), which shows that this case
cannot occur.

CASE 3. Ewvery path in B, whose endpoints are separated on C' by the pair
{z,y}, passes through v.

Let Pi(x,y) and Ps(z,y) denote the two complementary arcs of C', and
let B; be the union of all paths in B, which connect an internal point of
Pi(x,y) to x,v, or y.

Suppose first that B = By U Bsy. Then, by the minimality (G, Ey), G — B,
for © = 1,2, has a drawing where no edge belonging to Ej is involved in any
crossing. In particular, in this drawing, xvy and the edges of C' are not crossed
by any edge, so we can assume that all curves representing the edges of B;
lie in the region bounded by P;(x,y) and zvy (i = 1,2). Redrawing G — Bs,
if necessary, so that C' and xvy are mapped to exactly the same curves as in
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the drawing of G — By, the two drawings can be combined to give a drawing
of G, contradicting our assumption that (G, Ey) is a counterexample.

We are left with the case when B # By U By. Then there is a vertex s
of B which can not be reached from any internal point of P;(x,y) without
passing through z,v, or y (i = 1,2). Swapping P;(z,y) with zvy, we obtain
an Ey-cycle C" with a chord P;(z,y), which can be arbitrarily long. C” has
at least two bridges, because P;(z,y) and s do not be in the same bridge. O

X X
b
a
3
C C
y y

Case 1. Case 2.
X X
@ C @ c
y y
Case 3.

Figure 4.1: Proof of Claim 4.2.2

In the sequel, let C' denote a fixed Ejy-cycle of G which has at least two
bridges.

Claim 4.2.3. C has at least three bridges.

Proof. Suppose there are only two bridges of C', B; and B;. By the
minimality of G, G — B; (resp. G — Bs) can be drawn in the plane so that
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none of its edges belonging to Ej is involved in any crossing. In particular, in
this drawing none of the edges of C' is involved in any crossing, therefore B,
(resp. Bj) lies entirely on one side of C| say, in its interior (resp. exterior).
But then we can combine the two drawings and get a drawing of G. It is a
contradiction since GG is assumed to be a counterexample. O

Let B; and By be two bridges of C'. By the minimality of (G, Ey), the
graph C'U By U By can be drawn in the plane so that none of its edges
belonging to Ey participates in any crossing. If in all such drawings B; and
By are on different sides of C', then B; and By are said to be conflicting.

Claim 4.2.4. C' has exactly three bridges, at least one of which is a single
edge.

Proof. Construct a graph I' whose vertices correspond to the bridges of
C, and two vertices are connected by an edge if and only if the corresponding
bridges are conflicting. By the minimality of (G, Ey), after the removal of
any bridge the remaining graph can be drawn in the plane so that none of
its edges belonging to Ej is involved in any crossing. In other words, if we
delete any vertex of I' | it becomes two-colorable (the two colors correspond
to the bridges inside and outside C'). Therefore, any odd cycle of I' passes
through every vertex of I', hence I itself is an odd cycle.

Fix now any drawing of GG, in which all edges belonging to E, are even.
The closed curve representing C' divides the plane into connected cells. Color
them with black and white so that no two cells that share a boundary arc
receive the same color.

Let B; be a bridge of C'. We need the following observation, which is an
immediate consequence of the fact that every edge of B; crosses all edges of
C an even number of times. Assume that in a small neighborhood of one of
its endpoints some edge of B; runs in the black (white) region. Then every
edge of B; is black (resp. white) in a sufficiently small neighborhood of both
of its endpoints. In this case, B; is said to be a black (resp. white) bridge.
Every non-endpoint of a black (white) bridge must lie in the black (resp.
white) region.

Since I' is an odd cycle, it has two consecutive vertices such that the
corresponding bridges, say, By and Bs, are conflicting and they are of the
same color, say, black. We will specify two edges, by € E(B;) and by € E(Bsy).
We distinguish two cases.
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Suppose first that B; and B, have a common endpoint v. In a small
neighborhood of v, all edges of By and B, emanating from v are disjoint and
run in the black region. Therefore, we can find two consecutive edges, b; and
bs, in the cyclic order around v such that b; € B;, i = 1,2. In this case, set
wy = Wy = 0.

Suppose next that B; and By do not have a common endpoint. Let
V;Vit1 - . . vj be a piece of C' such that v; is an endpoint of By, v; is an endpoint
of By, and no vy (i < k < j) is an endpoint of either By or By. There may
be several edges of By adjacent to v;, which lie in the black region in a small
neighborhood of v;; let b; denote the last one in the cyclic order from the
initial piece of v;v;_1 to that of v;v;11. Similarly, let b, denote the first edge
of By emanating from v; in the cyclic order from the initial piece of v;v;_;
to that of v;v;41. Now set w; = v; and wy = v;.

Consider the drawing of C'U By U By inherited from the original drawing
of G. In this drawing, all edges belonging to EqN(E(C)UE(B;)UE(Bs)) are
even. We distinguish three cases depending on whether B; and B, are single
edges, and in each case we slightly modify the graph C'U B; U By and its
drawing. The modified graph and its drawing will be denoted by G = (V, E),
and we will also specify a set of edges Fy C E.

Figure 4.2: Proof of Claim 4.2.4 Case 1

CASE 1. Both By, and By are single edges.

Then E(B;) ={b;} = {w;u;}, i =1,2. Split b; into two edges by adding
an extra vertex z; very close to w;, i = 1,2. Connect z; and z, by an edge
running very close to the path zjwj...wy25, but not intersecting it (see Fig.
4.2), and denote the resulting graph drawing by G. Since b; and by are
conflicting, at least one of them (say, b;) belongs to Ey. Then set Ey =
E(C)U{w 21, z1uy }.
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CASE 2. By is a single edge, By is not.

Then E(By) = {b1} = {wu1}, E(Bz) D {ba} = {wa22}, where u; € V(C)
and zo ¢ V(C). Split by into two edges by adding a vertex z; very close to
wi. As before, connect z; and 23 by an edge running very close to the path
21W1...Wa %o, and denote the resulting graph drawing by G. If b; € E, then
set By = E(C)U{w, 21, z1u; }. Otherwise, let Fy = EgN(E(C)UE(By)), i.e.,
we leave the set of specified edges unchanged.

CASE 3. Neither By nor By is a single edge.

Then E(B;) D {b;} = {w;z;}, where z; € V(C), for i = 1,2. Connect z;
and zy by an edge running very close to the path zyw;...ws25, and denote the
resulting graph drawing by G. As in the previous case, let us leave the set
of specified edges unchanged, i.e., set Eg = Ey N (E(C)U E(B;) U E(By)).

It follows from the construction that in the above drawing of G, every
edge belonging to Ej is even. Recall that B; and By were conflicting (see the
last paragraph before Claim 4.2.4), which implies that in every drawing of G
with the property that no edge in Ej is involved in any crossing, z; and 2o
lie on different sides of C. However, 212, € F(G) = E, proving that (G, Ey)
is also a counterexample to Theorem 4.1.1.

Suppose, to obtain a contradiction, that C' has more than three bridges in
G. Since I is an odd cycle, the number of bridges is odd, i.e., C' has at least
five bridges. In the construction of G, we kept only two of these bridges, so
we deleted at least three bridges, hence at least three edges. In Cases 1 and 2,
we added at most two new edges. Thus, in these cases, |E(G)| = |E| < |E|,
contradicting our assumption that (G, Ey) is a minimal counterexample.

The only remaining possibility is that C' has exactly five bridges, all of
which are single edges. It follows from the structure of I' that at least three of
these bridges (edges) belong to Ey. On the other hand, G has only two edges
not in C' that belong to Ey. Thus, in this case, |E| = |E|, but |Ey| < |Ey|.
This again contradicts the minimality of our counterexample.

Therefore, we can assume that C' has exactly three bridges in G, By, B,
and Bs. If none of them is a single edge, then we can add one edge (as in
Case 3) and delete a bridge, which contains more than one edge, to obtain a
counterexample smaller than (G, Ey). O

Claim 4.2.5. C has at least two bridges which are single edges.

Proof. Assume, to obtain a contradiction, that C' has only one bridge
which consists of a single edge. Take a closer look at the transformation in
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the proof of Claim 4.2.4. By deleting B3 and adding one, two, or three edges,
we obtained another counterexample (G, Ey).

If B; or By was the bridge consisting of a single edge, then we added
two edges (cf. Case 2 in the proof of Claim 4.2.4) and deleted Bs, which
had at least three edges. This contradicts the assumption that (G, Ey) was
a minimal counterexample.

Therefore, we can assume that Bs consists of a single edge zy. Then,
during the above transformation we deleted B3 and added an edge that does
not belong to Ey (cf. Case 3). Therefore, using the minimality of (G, Ep)
again, we obtain that xy ¢ Ej.

Since B; and Bjs are conflicting, it follows that there is an FEy-path
P(a,b) C By whose endpoints, a and b, separate x and y on C. Let P,(a,b)
and P,(a,b) denote the two complementary arcs of C' between a and b, con-
taining x and y, respectively.

We distinguish two cases.

Case 1. All endpoints of By belong to the same arc, Py(a,b) or Py(a,b).

By symmetry, we can assume that all endpoints of By are on P,(a,b).
Then all endpoints of B; must also belong to P,(a,b). Indeed, if an endpoint
of B; did not lie on this arc, then we could delete all edges of By adjacent to
it and obtain a smaller counterexample.

Consider the graph G constructed in the proof of Claim 4.2.4. In this
graph, y is adjacent to only two vertices, y' and 3", both of which belong to
C. Let G’ denote the graph obtained from G by deleting y and replacing the
Ey-path y'yy” by a single edge y'y”. Set Ej = Eo\{yy', yy"}U{y'y"}. Clearly,
(G', Ey) is a counterexample to Theorem 4.1.1, which precedes (G, Ey), con-
tradicting the minimality of (G, E).

CASE 2. There exists a path P(p,q) C Bs such that p and q are interior
points of P,(a,b) and P,(a,b), respectively.

Consider again the graph G. Clearly, B; contains a path connecting b,
to some internal point r of P(a,b). (Note that 7 may be an endpoint of b;.
Moreover, b; may belong to P(a,b).) Similarly, By contains a path connecting
by to some internal point s of P(p,q). However, in this case, G contains a
subdivision of K33 with vertex classes {a,b, s} and {p,q,r}. Furthermore,
with the exception of the paths incident to s, all paths representing the edges
of K33 belong to Ey. However, this contradicts Claim 4.2.1 (iii). O

Now we can complete the proof of Theorem 4.1.1. By Claims 4.2.4 and
4.2.5, C has precisely three pairwise conflicting bridges B;, (i = 1,2,3) in G.
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Two of them, say, B; and B,, are single edges, xy and ab, respectively. Since
By and B, are conflicting, at least one of them, say xy, is in Ej.

Using the fact that Bs is in conflict with zy € Ej, we obtain that it
contains a path connecting a pair of points {p,q} C V(C) which separates
x from y. Similarly, since Bjs is in conflict with ab, it also contains a path
connecting a pair of points {p’, ¢’} C V(C) which separates a from b, and
this path belongs to Ey unless ab € Ey. According to the position of these
paths, we can distinguish four different cases up to symmetry (see Fig. 4.2).
P(p,q) always stands for a path connecting p and ¢, whose internal vertices
do not belong to C.

CASE 1. Bj contains a path P(p,q); p,q € V(C), such that the pair {p,q}
separates a from b and x from y, and ab or P(p,q) belongs to Ey.

Then G has a subdivision of K3 3 with vertex classes {a, p, y} and {b, ¢, x}.
Moreover, with the exception of ab or P(p, q), all paths representing the edges
of K33 belong to Ey. This contradicts Claim 4.2.1 (iii).

CASE 2. Bs contains three internally disjoint paths, P(a,r), P(p,r) and
P(q,r), such that r does not belong to C; the pair {p,q} separates b from the
set {a,x,y}; and ab or P(p,r)U P(q,r) belongs to Ey.

Then G properly contains a subdivision of K3 5 with vertex classes {z,r, b},
and {a,p,q}. It is easy to see that deleting from G the arc of C' between a
and y which does not contain {x, p, b, ¢}, we obtain a smaller counterexample.
Thus, this case cannot occur.

CASE 3. Bj contains three internally disjoint paths, P(p,r), P(q,r), and
P(y,r), such that r does not belong to C; the pair {p,q} separates x from
the set {a,b,y}; and at least one of ab, P(p,r)UP(y,r) and P(q,r)UP(y,r)
belongs to Fy.

Then G properly contains a subdivision of K3 5 with vertex classes {z,r, b},
and {y,p,q}. If ab belongs to Ey, then deleting from G the arc of C' between
a and y which does not contain {p,x,q, b}, we obtain a smaller counterex-
ample. If ab does not belong to Ey, but, say, P(p,r)U P(y,r) does, then, by
the minimality of (G, Ey), all paths depicted in Fig. 4.2 (3) are single edges,
and G has no further edges. However, this case cannot occur, because here b
and ¢ are two adjacent vertices of degree 2 in G, contradicting Claim 4.2.1
(ii).

CASE 4. The endpoints of B3 are a,b,x,y.

Since B,, and Bj are conficting, B3 contains two intersecting paths,
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P(a,b) and P(x,y), such that either ab or P(z,y) belongs to Ey. It fol-
lows from the minimality of our counterexample that P(a,b) and P(x,y)
have only one vertex in common. Denoting it with 7, we can write P(a,b) =
P(a,r)U P(b,r) and P(z,y) = P(xz,r) U P(y,r). Then G contains a sub-
division of K3 induced by a,b,z,y,r. Moreover, with the exception of ab,
P(a,r), and P(b,r), all paths representing the edges of K33 belong to Ej.
This contradicts Claim 4.2.1 (iii).

In each case, we arrived at a contradiction. Thus, there exists no (mini-
mal) counterexample (G, Ey) to Theorem 4.1.1. The proof of Theorem 4.1.1
is complete. O

a aq a a@

) 2 () @

Figure 4.3: Cases 1-4 in the proof of Theorem 4.1.1

Theorem 4.1.2 is an easy corollary to Theorem 4.1.1. Let G = (V, E) be
a simple graph drawn in the plane with A\ = ODD-CR(G) pairs of edges that
cross an odd number of times. Let Ey C E denote the set of even edges in
this drawing. Since every edge not in Ej crosses at least one other edge an
odd number of times, we obtain that

|E'\ Eo| < 2A.

By Theorem 4.1.1, there exists a drawing of G, in which no edge of Ej
is involved in any crossing. Pick a drawing with this property such that
the total number of crossing points between all pairs of edges not in Ej is
minimal. Notice that in this drawing, any two edges cross at most once.
Therefore, the number of crossings is at most

(71 2)

and Theorem 4.1.2 follows.
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4.3 Proof of the Theorem 4.1.3

Let G be a graph, PAIR-CR(G) = k and take a drawing of G which has
exactly k crossing pairs of edges. Let ¢ be a parameter, to be defined later.
We distinguish three types of edges. An edge e is

good if it is not crossed by any other edge;

light if it is crossed by at least one and at most t other edges;

heavy if it is crossed by more than ¢ other edges.

We will apply the following result of Schaefer and Stefankovic [SS04].

Lemma A. (Schaefer and Stefankovic, 2004) Suppose that a graph is drawn
in the plane, and edge e is crossed by m other edges. If there are at least
2™ crossings on e, then the drawing can be modified such that (i) the number
of crossings between any two edges does not increase, and (ii) the number of
crossings on e decreases.

Return to the proof of Theorem 4.1.3. Suppose that there is a light edge
that has at least 2! crossings. Then we can modify the drawing according to
the Lemma A. This modification does not increase the number of crossings
on any edge and does not introduce new pairs of crossing edges. On the
other hand, it decreases the total number of crossings, so after finitely many
applications, all light edges have less than 2! crossings.

Now we apply two other types of redrawing steps.

Suppose that in our drawing two heavy edges e and f cross at least twice
and let u and v be two crossings. Then switch the uv segment of e and f.
This way (i) we reduced the number of crossings between e and f and (ii)
the total number of crossings on any other edge remains the same.

Observe that this way we could have introduced self-crossings, in this case
remove the loop formed by the self-crossing edge. This way (i) the number of
crossings on any edge does not increase, and (ii) the total number of crossings
decreases.

Apply the above redrawing steps as long as there are two heavy edges
that cross more than once or there is a self-crossing edge. Since the total
number of crossings decreases in each step, after finitely many applications
any two heavy edges will cross at most once and no edge crosses itself.

Now count the number of crossings for the drawing obtained. Originaly
there were k pairs of crossing edges. A heavy edge crosses more than t
other edges, so there are less than 2k/t heavy edges. The total number of
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Figure 4.4: Switch the uv segment of e and f.

Figure 4.5: Switch the uv segment of e and f and remove the self-crossing.

light edges is at most 2k. Each light edge has less than 2! crossings, so the
total number of crossings on the light edges is less than 2k2!. On the other
hand, since any two heavy edges cross at most once, we have less than (%2/ t)
heavy-heavy crossings. So, for the the total number of crossings C' we have

ok /t

CrR(G) < C < k2! 4 ( 5

) < k21 4 2K /12

Set ¢t = log k/2, we obtain CR(G) < 9k%/log® k. O

4.4 Proof of Theorem 4.1.4

The idea and sketch of the construction.
In the descriprion we use weights on the edges of the graph. If we sub-
stitute each weighted edge by an appropriate number of parallel paths, say,
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each of length two, we can obtain an unweighted simple graph whose ratio
of the pair-crossing and odd-crossing numbers is arbitrarily close to that of
the weighted construction.

First of all, take a “frame” I, which is a cycle K with very heavy edges,
together with a vertex V' connected to all vertices of the cycle, also with
very heavy edges. In the optimal drawings the edges of F' do not participate
in any crossing, and we can assume that V is drawn outside the cycle K.
Therefore, all additional edges and vertices of the graph will be inside K.

We have four further vertices, each connected to three different vertices of
the frame-cycle K. These three edges have weights 1, 1, w respectively, with
some 1 < w < 2. Each one of these four vertices, together with the adjacent
three edges, and the frame F, is called a component of the construction.

If we take any two of the components, it is easy to see how to draw them
optimally, both in the odd-crossing and pair-crossing sense. See Figure 4.6.
The point is that if we take all four components, we can still draw them such
that each of the six pairs are drawn optimally, in the odd-crossing sense. See
Figure 4.7. On the other hand, it is easy to see that it is impossible to draw
all six pairs optimally in the pair-crossing sense, some pairs will not have
their best drawing. See Figure 4.8. Note that we did not indicate vertex V
of the frame.

We get the best result with w = @ Actually, we will see that among
any three components there is a pair which is not drawn optimally in the
pair-crossing sense. So, we could take the union of just three components,
but that gives a weaker bound.

A By o, AL Bs o p A Bs
AR AT AR
D, Cs D, Cs ‘ D,
B, A, B B, A, B B, A, B
@ (b) (©

Figure 4.6: (a) Component A (b), (¢) Optimal drawings of the pairs (A, B)
and (A, C), resp.

93



Figure 4.7: (a) Optimal drawing of G in the odd-crossing sense (b), (¢) The
pairs (A, B) and (A, C) resp. from the same drawing.

AL By, AL By, AL By g,

D2 C]_ D2 C;L D2 C;L
&) Dy &) Dy Cs Dy
Dl c ) Dl c ) Dl C2
B, A, Bi B, A, Bi B, A, Bi
€) (b) (©)

Figure 4.8: (a), (b) Cases 1 and 2 of Lemma 2, resp., optimal drawings of G
in the pair-crossing sense (c) Case 3, not optimal drawing.

Proof of Theorem 4.1.4.

A weighted graph G is a graph with positive weights on its edges. For any
edge e let w(e) denote its weight. For any fixed drawing G of G, the pair-
crossing value PAIR-CR(G) = > w(e)w(e’) where the sum goes over all cross-
ing pairs of edges e,e’. The odd-crossing value ODD-CR(G) = > w(e)w(e)
where the sum goes over all pairs of edges e, ¢’ that cross an odd number of
times.

The pair-crossing number (resp. odd-crossing number) is the minimum
of the pair-crossing value (resp. odd-crossing value) over all drawings. That
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’ PAIR-CR(G) =  min > w(e)w(e),

over all drawings
for all crossing pairs

of edges e, e’
ODD-CR(G) = min > w(e)w(e).

over all drawings
for all pairs of edges e, e’

that cross an odd number of times

S

Theorem 4.4.1. There exists a weighted graph G with PAIR-CR(G) = (2

2) - opD-CR(G).

® ‘

Proof of Theorem 4.4.1. First we define the weighted graph G. Take
nine vertices, Ay, Bs, As, Cy, D3, Cy, By, Az, By, Dy, C5, Dy which form
cycle K in this order. Vertex V is connected to all of the nine vertices of K.
These vertices and edges form the “frame” F. All edges of F' have extremely
large weights, therefore, they do not participate in any crossing in an optimal
drawing. We can assume without loss of generality that V' is drawn outside
the cycle K, so all further edges and vertices of G will be inside K.

There are four more vertices, Ay, By, Cy, Dg, and for X = A, B,C, D, X,
is connected to X, X, and X3. The weight w(XoX;) = w(XoX3) = 1 and
w(XoX3) =w = @ Graph X is a subgraph of GG, induced by the frame
and X,. See Figure 4.4.1. Finally, for any XY = A, B,C, D, X # Y, let
PAIR-CR(X,Y) = PAIR-CR(X UY'), and ODD-CR(X,Y) = ODD-CR(X UY).

First we find all these crossing numbers. Moreover, we also find out the
second smallest pair-crossing values.

Start with AU C'. Since the path A;BsA, is not intersected by any edge
in an optimal drawing, we can contract it to one vertex, without changing
the pair-crossing number, so now A; = A,. Consider the edges e; = A1 Ay
and e; = Ay Ag. Now they connect the same vertices. Suppose that they do
not go parallel in an optimal drawing. Let w*(e;) (resp. v*(ez)) be the sum
of the weights of the edges crossing e; (resp. e;) and assume without loss of
generality that w*(e;) < w*(eg). Then draw ey parallel with ey, the drawing
obtained is at least as good as the original drawing was, so it is optimal as
well. Therefore, we can assume without loss of generality that e; and ey go
parallel in an optimal drawing, so we can substitute them by one edge of
weight 2. Similarly, we can contract the path C}D3;C5 and substitute the
edges C1Cy and CyCy by one edge of weight 2. Now we have a very simple
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graph, whose pair-crossing number is immediate, we have two paths C;CyCs
and A, AyAs, which have to cross each other, and on both paths one edge has
weight w the other one has weight 2. Since w < 2, in the optimal drawing
the edges AgAsz and CyC3 will cross each other and no other edges cross so we
have PATR-CR(A, C') = w?. Moreover, it is also clear that the second smallest
pair-crossing value is 2w.

The same argument holds for ODD-CR(A, C'), moreover, by symmetry, we
can argue exactly the same way for the pairs (A, D), (B,C), and (B, D).

Now we determine PAIR-CR(A, B) and the second smallest pair-crossing
value. The edges a1 = AgA1, ay = ApAs, a3 = AgAs divide the interior of
F into three regions R;, Ry and R3. Number them in such a way that for
1 =1,2,3, a; is outside R;. Once we place By into one of these regions, it
is clear how to draw the edges by = ByBB;, by = ByBB,, b3 = ByBBj3 to
get the best of the possible drawings. If By is in Ry or in Ry, we get the
pair-crossing value 2w, but if we place By in R3, then we get 2. Again, the
same argument holds for ODD-CR(A, B), and by symmetry, the situation is
the same with the pair (C, D).

Lemma 4.4.2.
ODD-CR(G) = 4w? + 4.

Proof of Lemma 4.4.2. We have ODD-CR(G) > ODD-CR(A, B) + ODD-CR
(A,C) +0DD-CR(A, D) + 0DD-CR(B, C') + 0DD-CR(B, D) + 0DD-CR(C, D)
= 4w?+4, and there is a drawing (see Fig. 4.7) with exactly this odd-crossing
value. O

Lemma 4.4.3.
PAIR-CR(G) = 4w? + 4w.

Proof of Lemma 4.4.3. The argument, except for the exact calculation,
should be clear from the figures. While we have a drawing which is optimal
for all six pairs in the odd-crossing sense (see Fig. 4.7), in the pair-crossing
sense some of the pairs will not be optimal, they have to take at least the
second smallest pair-crossing value. We start with an observation that in any
triple at least one pair is not optimal. Then we will distinguish three cases.

Take a drawing G of GG. Suppose that we have a drawing G of G where
the pairs (A,C) and (A4, D) are drawn optimally, that is, PAIR-CR(A,C) =
PAIR-CR(A, D) = w?. Recall that the edges a; = AgAi, ay = AgAs, a3 =
AgAsz divide the interior of F into three regions Ry, Ry and R3. It follows from
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the above argument that Cy € Ry, Dy € Ry. But then the pair (C, D) is not
drawn optimally, that is, PAIR-CR(C, D) > 2, so we have PAIR-CR(C,D) >
2w. In other words, it is impossible that all three pairs (A, C), (A, D), (C, D)
are drawn optimally at the same time. By symmetry, this observation holds
for any triple of A, B,C, D.

We have to distinguish three cases.

Case 1. Neither (A, B), nor (C,D) are drawn optimally. In this case,
PAIR-CR(A, B) > 2 so by the above argument we have PAIR-CR(A, B) > 2w,
and similarly PAIR-CR(C, D) > 2w. For all other pairs we have pair-crossing
value at least w?, therefore, PATR-CR(G) = PAIR-CR(A, B) +PAIR-CR(A, C) +
PAIR-CR(A, D)+PAIR-CR(B, C)+PAIR-CR(B, D)+PAIR-CR(C, D) > 4w?+4w.

Case 2. (A, B) is drawn optimally, (C, D) is not. Since (A, B) is drawn
optimally, one of the pairs (A, C') and (B, C') and one of the pairs (A, D) and
(B, D) is not drawn optimally so we have PAIR-CR(.A,C) + PAIR-CR(B,C) >
w?+2w and analogously PAIR-CR(.A, D)+PAIR-CR(B, D) > w?+2w therefore,
PAIR-CR(G) = PAIR-CR(A, B) +PAIR-CR(A, C) +PAIR-CR(A, D) +PAIR-CR
(B,C) +PAIR-CR(B, D) +PAIR-CR(C, D) > 2w’ + 6w + 2 = 4w?* + 4w. The
last equality can be verified by solving the quadratic equation.

Case 3. Both (A,B) and (C,D) are drawn optimally. If none of the
other four pairs is optimal, then we have PAIR-CR(G) = PAIR-CR(A,B)
+PAIR-CR(A, C) +PAIR-CR(A, D) +PAIR-CR(B,C) +PAIR-CR(B, D) +PAIR-
CR(C,D) > 8w + 4 = 4w? + 4w. So we can assume that one of them, say
(A, C) is drawn optimally, that is, PAIR-CR(A,C) = w?. Since in any triple
we have at least one non-optimal pair, we have PAIR-CR(B,C) > 2w and
PAIR-CR(A, D) > 2w. We estimate PAIR-CR(B, D) now.

Again, the edges a; = AgA1, as = AgAs, a3 = AgAs of A divide the
interior of F' into three regions Ry, Ry and Rz with R; is the one to the
opposite of a;. Similarly define the regions @)1, @2, Q3 for C'. Since (A, C) is
drawn optimally, R3 and Q)3 are disjoint. Since (A, B) is drawn optimally,
By € R3, and since (C, D) is also drawn optimally, Dy € (3. See Figure 4.8.
Now it is not hard to see that the edge DyD; either crosses AgA;, AygAs,
and ByBs, or ByB;, ByBs>, and AgAs. The same holds for the edge DyDy,
so PAIR-CR(A, D) + PAIR-CR(B,D) > 2w + 4. So we have PAIR-CR(G) =
PATR-CR(A, B) +PAIR-CR(A,C) +PAIR-CR(A, D) +PAIR-CR(B,C) +PAIR-CR
(B, D) +PAIR-CR(C, D) > w?* + 4w +8 > 4w? + 4w. This concludes the proof
of Lemma 4.4.3. O.
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Now we have

ODD-CR(G)  4w?+4 -5 35

PAIR-CR(G)  4w? +4w 2 2’
and Theorem 4.4.1 follows immediately. O

Return to the proof of Theorem 4.1.4. Let € > 0 an arbitrary small
number. Let p and ¢ be positive integers with the property that w(1+ 35) >
§ > w(l — 15). Let G. be the following graph. In the weighted graph G
of Lemma 4.4.3, (i) substitute each edge ¢ = XY of weight 1 with ¢ paths
between X and Y, each of length 2, (ii) substitute each edge e = XY of
weight w with p paths between X and Y, each of length 2, and (iii) substitute
each edge e = XY of the frame F' with a huge number of paths between X

and Y, each of length 2. Then

oDD-CR(G.)  ODD-CR(G) 3\f

PAIR-CR(G:)  PAIR-CR(G) (1+e) < 7 Ty te

4.5 Proof of Theorem 4.1.5

The proofs of Theorem B readily generalize to this case. We include a short
argument, for completeness.
First, we show that for any graph G,

oDD-CR(G) > |E(G)| = 3|V (G)|. (4.1)

If |[E(G)| < 3|V(G)|, then (1) is trivially true. Let |E(G)| > 3|V (G)|
and suppose that (1) holds for any graph with |V(G)| vertices and less than
|E(G)| edges. Consider a drawing of G with exactly ODD-CR(G) pairs of
edges crossing an odd number of times. Since |E(G)| > 3|V(G)|, G is not
planar, so by Theorem A, ODD-CR(G) > 1. Let G denote the the graph
obtained from G by deleting one edge that crosses at least one other edge an
odd number of times. Applying the induction hypothesis to G, we get

0DD-CR(G) > 0DD-CR(G) + 1 > |E(G)| — 3|V(G)| + 1 = |E(G)| — 3|V (G)],

as required.
To prove Theorem 4.1.5, fix a drawing of G with exactly ODD-CR(G)
pairs of edges crossing an odd number of times, and suppose that |E(G)| >
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4|V (G)|. Construct a random subgraph G" C G by selecting each vertex of G
independently with probability p, and letting G’ be the subgraph induced by
the selected vertices. The expected number of vertices of G', Exp[|V (G')|] =
p|V(G)|. Similarly, Exp[|E(G")|] = p*|E(G)|. The expected number of pairs
of edges that cross an odd number of times in the drawing of G’ inherited from
G is p'opD-CR(G), hence the expected value of the odd-crossing number of
G’ cannot be larger than this.

By (1), opD-CR(G') > |E(G")| — 3|V (G")| for every particular G'. Taking
expectations,

p*oDD-CR(G) > Exp[oDD-CR(G')] > Exp[|E(G")|] — 3Exp|[|V(G)|]

= p’|E(G)] = 3p|V(G)].
Setting p = 4|V (G)|/|E(G)| we obtain

1 E@GF
64 [V(G)[*

ODD-CR(G) >

whenever |E(G)| > 4|V(G)]. O

Remarks. 1. In case |E(G)| > 6|V(G)|, Theorem 4.1.2 trivially follows
from Theorem 4.1.5. Indeed, for any graph G,

CR(G) < ('EEG)D < |E(G)]2/2.

If |E(G)| > 6]V (G)| then Theorem 4.1.5 implies

> CR(G).

2(ODD-CR(G))? > 2 (i\E(G)F))? , BE@)P

64|V (G 2

2. Using the fact that Theorem A guarantees, in any non-planar graph,
the existence of two independent edges that cross an odd number of times,
the above proof gives the same lower bound, (1/64)|E(G)[?/|V(G)|?, for the
minimum number of pairs of independent edges that cross an odd number of
times. This result is somewhat stronger than Theorem 4.1.5, because here
we do not count any odd crossing between two edges that share an endpoint.
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4.6 Proof of Theorem 4.1.6

First, we prove that the ODD CROSSING NUMBER PROBLEM, ODD-CR(G) <
K, is in NP, and then we show that there is an NP-complete problem that
can be reduced to it in polynomial time.

Fix a graph G with vertex set V' = {vy,vq,...,v,} and edge set E. Every
drawing D of G can be represented by an (‘23 ‘)—dimensional (0, 1)-vector

Xp(@), in which each coordinate is assigned to an unordered pair of edges
{e, f} € E, and is equal to 1 if and only if e and f cross an odd number of
times. That is,

Xp(G) = (vp{e, f})eyéf;e,f€E7
where, for every e, f € E,

0 if e and f cross an even number of times,
1 if e and f cross an odd number of times.

l‘p{e, f} = {

We say that two drawings of G, D and D’ are equivalent if they are rep-
resented by the same vector, i.e., if Xp(G) = Xp/(G). An (‘5‘)-dimensi0nal
(0,1)-vector X is said to be realizable if there exists a drawing D of G such
that Xp(G) = X

Using an idea of Tutte [T70], it is not hard to describe the set of all
realizable vectors of G. We need some further notation. For any v € V|
g € FE, let

Y;J,g = (y{€7 f})e;éf;e,feEH
where
1 if e = g and f is adjacent to v,

yle, f} = or f =g and e is adjacent to v,
0 otherwise.

Let @ denote the vector space over GF(2) generated by the vectors Y, ,, i.e.,

_ [E|
¢ = (Y, |veV, g€E>gen c {0,13(%),

Place the vertices vy, v, ..., v, on a circle in this clockwise order so that
they form a regular n-gon, and connect v; and v; (i # j) by a straight-line
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segment if and only if v;v; € E. This drawing is said to be the conver drawing
of G, and is denoted by C.

For any 1 <14 < n let d; be the degree of v; and let ef, b, ..., e} be the
list of edges adjacent to v;, in clockwise in the convex drawing of G. Let
o {1,2,...,d;} = {1,2,...,d;} be any permutation. Define

Zviﬂi = (2{67 f})e#f;e,féE’

where

e, f} = { Lif e =c;, f=cj and (a = B)(ei(e) - o:(8)) <0,

0 otherwise.

Figure 4.9: The first redrawing operation.

Lemma 4.6.1. Let ® denote the vector space over GF(2) generated by the
vectors Y, 4, v € V, g € E, let X¢(G) be the (0,1)-vector representing the
conver drawing of G, and let

I'= {Z Zv.o: | 04 s any permutation {1,2,...,d;} — {1,2,.. .,di}} )
i=1
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Then the set of all realizable vectors of G is
U= Xc(G) +T + &,

where the sum s taken mod 2.

Proof. Let D be any drawing of G, let v € V, g € E. Consider the following
two operations:

(i) Choose a simple smooth arc 7 connecting any internal point p of g to v
such that it does not pass through any vertex, is not tangent to any edge,
and crosses every edge a finite number of times. Replace a small piece of g
containing p by a path going around v and running extremely close to v (see
Fig. 4.9). The (0, 1)-vector representing this new drawing is

Xg(G) = XD<G) + Y;),g (mod 2)

(ii) Let 0; be the clockwise order of e, €5, ..., €} as they emanate from v; in
drawing D. Change the clockwise order of edges as they emanate from v; to
el, €y, ..., ey inasmall neighborhood of v;. (See Fig. 4.10.) The (0, 1)-vector
representing this new drawing is

X]:(G) = XD(G) + thgz. (mod 2)

This shows that any vector in W is realizable.

Figure 4.10: The second redrawing operation.

Next we prove that Xp(G) € W, for any drawing D of G. Using a
topological transformation of the plane, if necessary, we can assume without
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loss of generality that the vertices of G, vy, vs, . .., v,, form a regular n-gon, in
this clockwise order. First, for every 1 < ¢ < n, in a small neighborhood of v;,
change the clockwise order of edges as they emanate from v; to e}, e, ..., eili
such that in a very small neighborhood of v;, each egde v;v; is represented
by the corresponding part of the segment v;v;.

Then, pick an edge g = v;v;, and transform it into the straight-line seg-
ment between v; and v;, by continuous deformation. Performing this opera-
tion for all edges, one by one, we obtain C the convex drawing of G.

Let D’ denote the drawing after the first step. Then,

XD/(G) = XD(G) + Z Zvi,m (mod 2)
i=1
for some permutations o', 02, ..., 0"
During the second step, the representation vector of the drawing changes
whenever a deforming edge g hits a vertex v. Let £ and F denote the drawing
immediately before and after this event. Clearly,

Xr(G)=Xe(G)+Y,, (mod?2).

Finally, we obtain

Xe(G) = Xp(G)+Y  (mod 2),

for some Y € ®, hence

Now we are in a position to prove that the OpDD CROSSING NUMBER
PROBLEM is in NP. Suppose that ODD-CR(G) < K. Then, by Lemma 4.6.1,
there is a realizable vector Y € ¥ such that all but at most K coordinates
of Y are 0. We can give the vector Y in the form

Y =Xe(G)+ ) Zojoi + Y. QugYey  (mod2),
=1 veV,geE

where a(, ) € {0,1} and 0, : {1,2,...,d;} — {1,2,...,d;} are permutations.
Clearly, the correctness of this equation can be checked in polynomial time.
Thus, the ODD CROSSING NUMBER PROBLEM is in NP.
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The OPTIMAL LINEAR ARRANGEMENT PROBLEM is the following. We
have a graph G = (V, F) and an integer K, is there a one to one function
o:V —{1,2,...,|V]} such that >, cp|o(u) —o(v)| < K?

Notice that the ODD CROSSING NUMBER PROBLEM for simple graphs
is equivalent to the same problem for multigraphs, i.e., when the graph G
may have multiple (parallel) edges. Indeed, we can remove all multiplicities
by introducing new vertices along the edges of G. For any graph G obtained
from G by subdividing one (or more) of its edges, we have

ODD-CR(G) = ODD-CR(G).
Lemma 4.6.2. The OPTIMAL LINEAR ARRANGEMENT PROBLEM can be
reduced to the ODD CROSSING NUMBER PROBLEM in polynomial time.

Proof. Suppose we are given an instance G = (V, E), K, and we want to
decide if there exists a one-to one function o : V- — {1,2,...,|V|} such that
>wer |o(u) —o(v)| < K. Let V = {vy,v9,...,v,} and assume without loss
of generality that G is connected. We construct a multigraph G% and a
number K’ such that the answer to our OPTIMAL LINEAR ARRANGEMENT
PROBLEM is affirmative if and only if ODD-CR(GY) < K'.

Let GY% = (V', E'), where V' =V U Vo U{u,w}, E = E; U Ey U Ej,

Vim{w[1<i<n}, Vi={w|1<i<n},
B, = {|EJ? copies of u;w; | 1 <i<n},
Ey = {uww; | it < j and v;w; € E},
By = {K? E|?* copies of uw, uu;, ww;, 1<i<n},
and let
K'=|E*K — |E|)+ |E]* - 1.

Suppose first that there exists a bijection o : V' — {1,2,...,|V|} such
that Y pcp |0(u) — o(v)] < K. We construct a drawing of G’ with at most
K’ pairs of crossing edges. Place u; at (1,0(v;)), w; at (0,0(v;)), u at (2,0),
and w at (—1,0). Represent all single edges by straight-line segments and
all multiple edges by pairwise disjoint curves running very close to the cor-
responding straight line segment. It is easy to see that the total number of
crossing pairs of edges is at most

S (jo(u) — o(w)| = DIEP + |EP — 1 < [EP(K — |B|) + |E — 1 = K"

weE
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Figure 4.11: The multigraph G'.

Next, suppose that ODD-CR(G’) < K’. We show, using some simple
transformations, that there is another drawing of G’ generated by a function
o in the way described above, which has at most K’ pairs of edges that cross
an odd number of times. Consider a drawing of G’ with at most K’ pairs
of edges that cross an odd number of times.

(a) We can assume that any two parallel edges, e and f, are drawn very
close to each other, so that they are openly disjoint, and any other edge
crosses both of them the same number of times. Indeed, if e and f are drawn
differently, then replacing either e by an arc running very close to f, or f
by an arc running very close to e, we obtain a new drawing of G which has
at most as many pairs of edges that cross an odd number of times as the
original drawing.

(b) Any two edges e, f € F; U E3 must cross an even number of times.
Indeed, otherwise, by (a), we can assume that each of the at least |E|* edges
parallel (or identical) to e crosses each of the at least |E|? edges parallel (or
identical) to f an odd number of times. This implies that the number of edge
pairs that cross an odd number of times is at least |E|* > K’, a contradiction.
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(¢) No edge of G’ can cross any edge between u and w an odd number
of times. Otherwise, by (a), the number of pairs of edges that cross an odd
number of times would be at least K?|E|? > K’, which is impossible.

(d) Let e be any edge between u and w, and let f; (resp. g;) be any edge
whose endpoints are v and u; (resp. w and w;), 1 <1i < n. If for some i # j,
the edges (e, f;, f;) emanate from w in clockwise order, then (e, g;, g;) must
emanate from v in counter-clockwise order.

To see this, consider a cycle C formed by f;, e, g;, and any edge connecting
u; and w;. The closed curve representing this cycle divides the plane into
connected cells. As in the proof of Theorem 4.1.1, color these cells with black
and white so that no two cells that share a boundary arc receive the same
color. Let P be a path formed by f;, g;, and any edge between u; and w;.
Suppose that in a small neighborhood of w, f; is in, say, the black region.
Then, in a small neighborhood of w, g; must also lie in the black region,
because, by (b), every edge of P crosses (every edge of) C' an even number
of times.

(e) Suppose that e, f1, fa,..., fn emanate from u in the clockwise order
e, fa(1), fa@)s - - fam)- Then, by (d), e, 91,92, .., 9, must emanate from w
in the reverse order €, ga(n), Ga(n—1), - - - » Ja(1). Let o(v;) = a (i), 1 <i < n.

We claim that for every u,w; € Es, there are at least (|o(v;) — o(v;)| —
1)|E|? edges in G’ that cross u;w; an odd number of times. To see this, it
is enough to show that for every r < s < t, if vo(yVaq) € E, then the edge
€rt 1= Uqa(r)Wa(r) Must cross the path Py := fq5) Ueqg(s) U ga(s) an odd number
of times, where e, () denotes any edge between () and wqs). As before,
color the cells determined by the closed curve P, U e with black and white.
It follows from (d) that if in a small neighborhood of u, fa@)Uer U gag is in
the black region, then in a small neighborhood of w it is in the white region.
In view of (b) and (c), this implies that e,; crosses at least one of the edges
Ja(s)s €a(s)» and ga(s) an odd number of times. In each case, we are done, and
our claim is true.

Therefore, we have

> (lo(u) —o(v)| = 1)|E[* < 0pD-CR(G) < K' = |E|*(K —|E|) + |E[*—1,

wel

which implies that

> (lo(w) —o(v)| < K,

uwveFE
as desired. O
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With Lemma 4.6.2, the proof of Theorem 4.1.6 (ii) is complete, be-
cause the OPTIMAL LINEAR ARRANGEMENT PROBLEM is known to be
NP-complete [GIST76].

4.7 Even More Crossing Numbers

We can further modify each of the above crossing numbers, by applying one
of the following rules:

Rule + : Consider only those drawings where two edges with a common
endpoint do not cross each other.

Rule 0 : Two edges with a common endpoint are allowed to cross and their
crossing counts.

Rule — : Two edges with a common endpoint are allowed to cross, but
their crossing does not count.

In the previous definitions we have always used Rule 0. If we apply Rule
+ (Rule —) in the definition of the crossing numbers, then we indicate it
by using the corresponding subscript, as shown in the table below. This
gives us an array of nine different crossing numbers. It is easy to see that in
a drawing of a graph, which minimizes the number of crossing points, any
two edges have at most one point in common (see e.g. [RT97]). Therefore,
CR.(G) = Cr(G), which slightly simplifies the picture.

Rule + |ODPD-CR4+(G) |PAIR-CR4(G)

Cr(G)
Rule 0 ODD-CR(G) PAIR-CR(G)
Rule — ODD-CR—(G) | PAIR-CR— (G) CR—(G)

Figure 4.12: Modifications of the crossing number

Moving from left to right or from bottom to top in this array, the numbers
do not decrease. It is not hard to generalize (1) to each of these crossing
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numbers. We obtain (as in in [PT97]) that

1 €3

- >
ODD-CR_(G) > cin?’

for any graph G with n vertices and with e > 4n edges. We cannot prove
anything else about ODD-CR_(G), PAIR-CR_(G), and CR_(G). We conjecture
that these values are very close to CR(G), if not the same. That is, we believe
that by letting pairs of incident edges cross an arbitrary number of times, we
cannot effectively reduce the total number of crossings between independent
pairs of edges. The weakest open questions are the following.

Problem. Do there exist suitable functions fi, fa, f3 such that every graph
G satisfies

(i) ODD-CR(G) < f1(0DD-CR_(G)),
(ii) PAIR-CR(G) < fo(PAIR-CR_(G)),
(iii) CR(G) < f3(CR_(G)) ?

Remark. We can prove that the PAIR CROSSING NUMBER PROBLEM,
PAIR-CR(GG) < K, is NP-hard. The proof is analogous to the proofs of the
corresponding results for the crossing number (see [GJ83]) and for the odd-
crossing number (see Lemma 4.6.2).

On the other hand, we could not generalize Lemma 4.6.1 for PAIR-CR(G).
With a completely different approach, Schaefer, Sedgwick and Stefankovi¢
[SSS03] managed to prove that the PAIR CROSSING NUMBER PROBLEM is
also in NP.

Acknowledgement. We express our gratitude to Noga Alon, Joel Spencer,
and Pavel Valtr for their valuable remarks and for many interesting discus-
sions on the subject.
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Chapter 5

Crossing numbers of random
graphs

The crossing number of G is the minimum number of crossing points in
any drawing of G. We consider the following two other parameters. The
rectilinear crossing number is the minimum number of crossing points in any
drawing of GG, with straight line segments as edges. The pair-crossing number
of G is the minimum number of pairs of crossing edges over all drawings of
G. The odd-crossing number of GG is the minimum number of pairs of edges
that cross an odd number of times. We prove several results on the expected
values of these parameters of a random graph.

5.1 Introduction

A drawing of a graph G is a mapping which assigns to each vertex a point of
the plane and to each edge a simple continuous arc connecting the correspond-
ing two points. We assume that in a drawing no three edges (arcs) cross at
the same point, and the edges do not pass through any vertex. The crossing
number CR(G) of G is the minimum number of crossing points in any drawing
of G. We consider the following two variants of the crossing number. The
rectilinear crossing number LIN-CR(G) is the minimum number of crossing
points in any drawing of GG, with straight line segments as edges. The pair-
crossing number or pair-crossing number, PAIR-CR(G), of G is the minimum
number of crossing pairs of edges over all drawings of G. The odd-crossing
number of G is the minimum number of pairs of edges that cross an odd num-
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ber of times. Clearly, ODD-CR(G) < PAIR-CR(G) < CR(G) < LIN-CR(G).
The determination of the crossing numbers is extremely difficult. Even
the crossing numbers of the complete graphs are not known. Let

. ODD-CR(K,,) . PAIR-CR(K,,)
“Yobp-cr = nh_)ngo 5z YpAIR-CR = nll—>r£>lo N2
(3) (5)
CR(K, LIN-CR( K,
Yer = lim (K») 7< )

n—oo T’ Jran-cr = nlglgo n\ 2
() (:)
These limits are known to exist [RT97] and the best known bounds are
1/30 < Yoopp-cr < 1/167 1/30 < Ypam-cr < 1/167 1/20 < Y < 1/167
0.06327 < Ypnver < 0.0639 [AGORO06], [BDGOO] (see also [G72, RT97]).

In this paper we investigate the crossing numbers of random graphs. Let
G = G(n,p) be a random graph with n vertices, whose edges are chosen
independently with probability p. Let e denote the expected number of edges
of G, ie., e = p(g) We shall always have e — oo (indeed, p = Q(n™')) so
that G almost surely has e(1 4 o(1)) edges.

In [PT00a] it was shown that if e > 10n, then almost surely we have
CrR(G) > ﬁ. Consequently, almost surely we also have LIN-CR(G) > ﬁ.
As we always can draw a graph with straight lines the crossing number (in
any form) is never larger than the number of pairs of edges and the expected
number of pairs of edges is ~ % Our interest will be in those regions of p for
which the various crossing numbers are, asymptotically, a positive proportion

of the number of pairs of edges.

Let
E [LIN-CR(G E[crR(G
KfLIN—CR(”up) = w7 K/CR(n7p) = Ma
e e
E [PAIR-CR(G E [oDD-CR(G
KPAIR—CR(nap) = [ 3 ( )]7 ’V”'ODD—CR(nap) = [ B ( )]

(& €

We have K/PAIR—CR(nap) < K’CR(nap) < /‘fLIN-CR(nap) for any n, p.

Theorem 5.1.1. For any fizred n, Kin.ce(1, D), Ker(n, D), Kpam-cr(n, p) are
increasing, continous functions of p.

With Theorem 5.1.1 we may express (roughly) our two central concerns.
At which p = p(n) are kunca(n,p), Kor(n,p), Keamcr(n, p) bounded away
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from zero? At which p = p(n) are Kyn.cr(n, D), Ker(n,P), Epamecr(n, D),
Kopp-cr (1, p) close to the values Yiix.cr, Yers Veam-cr, Yopp-cr, respectively? Our
results for these three crossing numbers shall be quite different. We are uncer-
tain whether or not that represents the reality of the situation. The following
relatively simple result shows basically that for p = % all three crossing num-
bers are asymptotically negligible and that for p = = with ¢ > 1 fixed the
three crossing numbers have not reached their limiting values.

Theorem 5.1.2. 1. limsup,, . Kun-cr(n,¢/n) =0 for ¢ <1
2. limsup,,_, . Ker(n,c/n) =0 forec <1
lim sup,, ., Kpam-cr(n, ¢/n) =0 forc <1

lim sup,, ., Kopp-cr (1, ¢/n) =0 for ¢ <1

AR

lim,._; limsup,, ., Kun-cr(n, ¢/n) =0

6. lim,; limsup,,_, . Ker(n,¢/n) =0

7. lim, 1 imsup,, . Kpam-cr(n, ¢/n) =0

8. lim._q limsup,,_, . Kopp-cr(n,c/n) =0

9. limsup,, ., Kun-cr(7, ¢/n) < Yun-cr for all ¢
10. limsup,,_, ., ker(n, ¢/n) < yer for all c
11. limsup,,_, .. Kpamr-cr(n, €/1n) < Ypam-cr for all ¢
12. limsup,,_, . Kpam-cr(1, ¢/1) < Yopp-cr for all ¢

Theorem 5.1.2 gives only upper bounds for the various crossing numbers.
The main results of this paper, given in Theorems 5.1.3, 5.1.4, 5.1.5, deal
with lower bounds for the three crossing numbers. Our weakest result is for
the pair-crossing number and the odd-crossing number.

Theorem 5.1.3. For any e >0, p=p(n) =n°"1,
h};&glf KPAIR,-CR(nap) > 0, ligllggf HODD-CR(nap) > 0.
For the crossing number we have a much stronger result.
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Theorem 5.1.4. For any ¢ > 1 with p = p(n) = ¢/n
liTILn %)rolf Ker(n,p) >0

As LIN-CR(G) > CR(G) the lower bound of Theorem 5.1.4 applies also
to the rectilinear crossing number. Our most surprising result is that with
the rectilinear crossing number one reaches an asymptotically best limit in
relatively short time.

Theorem 5.1.5. If p = p(n) > 2" then

lim KfLIN—CR,(n7p> = ’VLIN-CR(nap)

n—oo

5.2 Upper Bounds

First we prove Theorem 5.1.1. Let f be any real valued function on graphs.
Then with G ~ G(n,p)

E[f(G) =3 f(H)p(1 — p)(z) =D

where H runs over the labelled graphs on n vertices and e(H ) is the number
of edges of H. This is a polynomial and hence a continous function of p,
giving the second part of Theorem 5.1.1. We argue that kcg(n,p) is an
increasing function of p, the arguments in the other cases are identical. For
0 < p,q <1 wemay view G(n, pq) as a two step process, first creating G(n, p)
and then taking each edge from G(n,p) with probability ¢. After the first
stage consider a drawing with the minimal number of crossings X, so that
E[X] = kcr(n, p). Now keep that drawing but take each edge with probability
q. Each crossing is still in the new picture with probability ¢*. This gives
a drawing of G(n, pq) with expected number of crossings ¢*kcx(n,p). We do
not claim this drawing is optimal, but it does give the desired upper bound
as E[cR(G(n,pq))] < ¢*E[cR(G(n,p))], completing Theorem 5.1.1.

The first eight parts of Theorem 5.1.2 will come as no surprise to those
familiar with random graphs as in the classic papers of Erdos and Rényi it
was shown that with p = £ the random graph G(n, p) is almost surely planar
when ¢ < 1. Our argument is a bit technical, however, as we must bound
the expected crossing number.

We prove only part 1, for ¢ < 1. Parts 2, 3, and 4 for ¢ < 1 follow
immediately, since they involve smaller crossing numbers. The statements
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for ¢ = 1 follow from part 5. Fix ¢ < 1, set p = £ and X = LIN-CR(G) with
G ~ G(n,p). Let Y be the number of cycles of G and Z the number of edges
of G. Then we claim X < YZ. Remove from G one edge from each cycle.
This leaves a forest which can be drawn with straight lines and no crossings.
Now add back in those Y edges as straight lines. At worst they could hit
every edge, giving <Y Z crossings. Withc <1 E[Y] =X", %pl <YL
is bounded by a constant, say A. As Z has Binomial Distribution standard
bounds give, say, Pr[Z > 10n] < a™" for some explicit « > 1. As X < n?
always, X < 10nY +n*x(Z > 10n) where x is the indicator random variable.
Thus E[X] < 10An + n'a™™ = o(n?). This completes the proof of parts 1,
2, and 3 for the case ¢ < 1.

Now fix ¢ = 1 + € with € positive and small. Set p = %, p = 1—25 and
let p* satisfy p’ + p* — p'p* = p so that p* ~ Qf We may consider G(n,p)
as the union of independently chosen G(n,p’) and G(n,p*). Say the first has
rectilinear crossing number X and Y edges and the second has Z edges. Then
their union has rectilinear crossing number at most X + Z(Y + Z) as we can
draw G(n,p’) optimally and assume all other pairs of edges do intersect. But
E[X] = o(n?) and it is easy to show that E(Z(Y +Z)) ~ E(Z)(E(Y +Z)) ~
in?e(1+¢). Thus

B[n-cr(G)] < (1+0(1)) 521 +2)n”

from which part 5 of Theorem 5.1.2 follows. Parts 6, 7, and 8 then also follow
as they involve smaller crossing numbers.

The final four parts of Theorem 5.1.2 are also natural to those familiar
with random graphs. For ¢ > 1 fixed G(n, <) has a “giant component”
with Q(n) vertices. Outside the giant component there are 2(n) edges all
lying in trees or unicylic components. These edges may be drawn with no
crossings and that will involve a positive proportion of the potential edge
crossings. Again, our argument will be a bit technical as we must deal with
expectations. We state the argument only for rectilinear crossing number
but it is the same in all four cases.

We first note a deterministic result: Let G be any graph on n vertices

with e edges. Then
LIN-CR(G) < 4 - LIN-CR(K,)
e? - (n)4
Fix a drawing of K, with LIN-CR(K,) crossings. Define a random drawing
of G by randomly mapping its n vertices bijectively to the n vertices of the
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drawing. Let e;, es be two edges of G with no common vertex, there being
at most €*/2 such unordered pairs. They may be mapped to a particular
crossing of the drawing of K, in eight ways, so they have probability § -
LIN-CR(K,)/(n), of being mapped to a crossing. Now the expected number of
crossings of GG in this random drawing is at most, by Linearity of Expectation,
%%CLR(M) and thus there exists a drawing of G with at most that many
crossings.
As the right hand side approaches 7y.cr We have

LIN-CR(G)

o2 < Yw-cr + 0<1)

where the o(1) term approaches zero in n, uniformly over all graphs G.

With ¢ > 0 fixed (this argument is only needed for ¢ > 1 but works for
all positive c), p = £ and G ~ G(n,p) let X denote the number of edges and
Y denote the number of isolated edges. The savings comes from noting that
isolated edges can always be added to a graph with no additional crossings.
Thus

E[LN-cR(G)] < E[(X — Y)?](Yum-cn + 0(1))

Here E[X] ~ $n and EY] = (Z)p(l —p)* ! ~ £e7*n and elementary
calculations give

E[(X =Y’ ~ BIX =Y ~ [5(1 = )]’

With e := p(g) ~ 5n we have

w < Yun-cr(1l — 6_26)2@ +0(1))
Comments and Open Questions. We note that as ¢ approaches infinity
the (1—e2°)? term above approaches one. The above bound may be improved
somewhat by letting Y denote the edges in isolated trees and unicyclic com-
ponents and there are even further improvements possible. Still, all these
improvements seem to approach one as ¢ approaches infinity. This leads to
an intriguing conjecture: If p(n) > % then Kpy-cr(n,p) — Ymecr. One may
make the same conjecture for all three variants of the crossing number. In-
deed, this entire paper may be viewed as an attempt (thus far unsuccessful)
of the authors to resolve these conjectures.
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We conjecture that for any ¢ > 0, the limits lim,_ . Kun.cr(n, c/n),
lim,, o0 Ker(n, ¢/n), and lim,, .o Kpar-cr(n, ¢/n) exist. This follows from The-
orem 5.1.2, for ¢ < 1. If this conjecture is true, it is not hard to see that the
functions finv.cr(c) = limy, oo Kuner(n, ¢/n), fer(c) = limy,_ o Ker(n, ¢/n),
and foar-cr(€) = limy, oo Kpam-cr (1, ¢/n) are continous and increasing for all
c>0.

5.3 The pair-crossing and odd-crossing num-
ber

Here we prove Theorem 5.1.3 for the odd-crossing number, the statement for
the pair-crossing number follows immediately. Fix ¢ > 0 and set p = p(n) =
nc~!. Our object is to show

lim inf Kopp-cr (7, p) > 0

n—oo

This is equivalent to showing that for n sufficiently large
E[opD-CR(G(n, p))] > dn'p?

for some ¢ dependent only on €. For L > 1 we let K5(L) denote the following
graph:
e There are five vertices x1,..., x5
e For each distinct pair x;,z; there is a path between them of length L.
There are no other vertices nor edges so K5(L) has 54 10(L — 1) vertices and
10L edges. Note that K5(L) is a topological K5. Hence, by Hanani’s theorem
[Ch34], in any drawing of K5(L) there must be two edges that cross an odd
number of times. We shall fix L such that Le > 1. We shall show that G
contains many K5(L). Each K5(L) will force at least one odd-crossing pair
of edges. With L fixed this is a positive (albeit only 0.01L~2) proportion of
the square of the number of edges involved. When this is carefully counted
over all K5(L) we shall see that the total number of odd-crossing pairs is at
least this constant times the square of the total number of edges.

We use three results about the almost sure behavior of G(n,p). In the
third K is any fixed constant.

1. Every vertex has degree ~ np.
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2. Between every pair of distinct vertices there are ~ n’~!p¥ paths of
length L.

3. For any distinct x,y, 21, ..., 2k there are ~ n*~Ipl paths of length L
between = and y that do not use any of the z;.

The first result holds whenever np > Inn and follows from basic Large
Deviation bounds on the degree of a vertex. Both the first and the second
result are examples of a more general result [S90] on counting extensions. For
the third we note from [S90] that the probability that the number of paths
of length L between fixed z and y is not in [(1 — e)n® !pl, (1 + e)nt 1pl]
is exponentially small. Fix z,y,21,..., 2. Consider L-paths from x to y
on G with z1,...,zx deleted, which has distribution G(n — K,p). The K
has negligible effect and so with exponentially small failure this number is
as desired — hence almost surely it is as desired for all O(n®*2) choices of
Ty Yy 21y ey 2K

Now we count the K5(L). There are (g) ~ 2n choices for xy, ..., z5. We
want to know how many ways we can add the ten paths, say Pi,..., Py, one
between each pair of vertices. Suppose we have already selected Py, ..., P;.
Then a constant number of vertices have been taken. Thus the number of
choices for P;,; is ~ n*~!pl. So we are making ten choices and each time we
have ~ n~!pl choices so the total number of choices is ~ [n*~1p¥]%. This
gives a total of ~ énlOL*E’plOL copies of K5(L). For each one we count one
pair of odd-crossing edges. Now consider an odd-crossing pair, say, edges uv
and wz. How many K5(L) do they lie on? Renumbering for convenience say
the path from x; to x5 has u as its i-th and v as its 14 1-st point and the path
from x5 to x4 has w as its j-th and z as its j+ 1-st point. There are L? choices
for 4, j. Now fix u,v,w, z and 4, j. From the first property there are ~ (np)’
paths of length i starting at u, ~ (np)*~*~! paths of length L —i starting at v
and similarly for w, z. Further these numbers are not asymptotically effected
when we require that they miss a fixed number of points. So we extend
u, v, w, z to some x1, Ty, T3, T4 in ~ (np)> LY ways. We have n choices for x5
and then ~ (nf~1pl)® ways to complete the remaining eight paths forming
Ks(L). Thus edges uv,wz lie on ~ L?n!0=9pl0L=2 different K5(L). So each
odd-crossing pair has been counted at most that many times and hence the
number of odd-crossing pairs is at least asymptotically

1,10L—5,10L
AL p 1

4.2
LanoL—QploL—Q o 120L2n

b
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as desired.

Comments and Open Questions. As we must take L > 71 the constant
1_§0L_2 in this result goes to zero as ¢ — 0. This is in surprising contrast
to the crossing number CR(G) discussed in the next section. That crossing
number becomes a positive proportion of the square of the number of edges
already at p = £ when ¢ > 1. Can the odd-crossing number (pair-crossing
number) and the crossing number have such different behavior? We doubt
it. As mentioned in Chapter 4, we cannot rule out the possibility that the
pair-crossing number and the crossing number are always exactly the same.
This is not the case with the odd-crossing number. We can certainly make
the weaker conjecture that the expectation of the pair-crossing number of
G(n,p) becomes Q(n'p?) already at p = 12<. We further note that we have

no idea at which p Kpam.cr(n, p) gets within o(1) of its limit Ypam_cr-

5.4 The crossing number

C

Here we prove Theorem 5.1.4. Fix ¢ > 1 and set p = £. Let G ~ G(n,p).
Our object is to show

lim inf 7E [CR(GZ)]
G

As c is constant this is equivalent to showing that for n sufficiently large

>0

E[cr(G)] > én®

for some 0 dependent only on c.

We begin by reviewing in outline form the argument of Pach and Téth
[PT00a] which requires that ¢ be a sufficiently large constant. We will see
why their argument does not work for ¢ = 1 4 € with € > 0 small and then
how a modification of their argument, combined with results on G(n, p), does
work.

Define the bisection width of G, denoted by b(G), as the minimal number
of edges running between T (top) and B (bottom) over all partitions of the
vertex set into two disjoint parts V = TUB such that 2|V| > |T|,|B| > |V].
(The specific constant % is not essential here, we need only to assure that the
sizes of T and B are within a constant factor.) Leighton observed that there is
an intimate relationship between the bisection width and the crossing number
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of a graph [L84], which is based on the Lipton-Tarjan separator theorem for
planar graphs [LT79]. The following version of this relationship was obtained
by Pach, Shahrokhi, and Szegedy [PSS96]. Let G be a graph on vertex set
V with d, denoting the degree of vertex v. Then

b(G) < 10\/crR(G) +2 | 3 a2

veV(Q)

With G ~ G(n, £), E[d3] ~ ¢ = O(1) and almost surely 2\/3" oy d? =
O(y/n) which proves to be negligible. For ¢ a large constant basic probabilistic
methods give that almost surely every partition V = T U B with §|V| >
IT|,|B| > |V has a constant proportion of the edges running between them.
That is, almost surely b(G) = Q(n). Hence almost surely CR(G) = Q(n?).

Now suppose ¢ = 1 4 € with € > 0 small. The difficulty is: almost surely
b(G) is zero! Why? From classic Erdés-Rényi results G will have a “giant
component” of size ~ kn with k& = k(c) and all other components will have
size O(Inn). The function k = k(c) was given explicitly by Erdés and Rényi
but we need here only to note that lim, i+ k(c) = 0. For € a small (actually,
not so small) but fixed constant and ¢ = 1 + € the giant component has
size kn with k < % Place the giant component in the top 7. Now take
all other components sequentially. Add them to the top 7' if |T'| remains
below %n, otherwise place them in the bottom B. This gives a partition with
2\V| > |T|,|B| = §|V| and no edges running between 7" and B.

Our approach shall be to show, effectively, that the giant component of
G(n, £) has high bisection width for any ¢ > 1. To do this we employ an
“enhancement” approach which we take, with only slight modification, from
the work of M. Luczak and C. McDiarmid [LMO1].

Theorem 5.4.1. Let V be a set of m vertices. Let T be a tree on V. Let

G be the random graph on 'V with edge probability p = . For a > 0 fired
almost surely

HTUG) = Q(m)

That is, there exists n > 0 dependent only on a such that Pr[b(T'UG) < mn)]
approaches zero as m approaches infinity.

Consider partitions V' = Vj U V5 such that T has at most mn cut edges.

For ¢« < mn we can choose ¢ cut edges in at most (ml_l) < (T) ways and
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orient them (selecting one endpoint for V; and the other for V3) in at most
2" ways. As T is connected, these choices determine the partition. Hence the
number of such partitions is at most

Z <m> 9i < oM Z <m> < gm(n+H(n))

i<mn L i<mn L

where H(n) := —nlog, n—(1—n)log,(1—n) is the standard Entropy function.

Now fix a partition V' = V; UV, with 2 < |Vj] < 27’” for i = 1,2. Let
b((V1,V3); G) denote the number of edges {z,y} of G with x,y in different
V;. Then

(Vi Va): G) ~ B VAl -Vl

where B is the Binomial Distribution. As [Vi] - [V3| > 2m?

a

Pr{H(V3, V2); G) < ] < Pr [BEm2, ) <

This last large deviation probability can be bounded in a number of ways.
For our purposes let us assume 7 < § and use that (see, e.g., the appendix
of [AS92]) Pr[B(n,p) < inp] < e /5.

We select 7 > 0 such that n < § and

(n2)(n+ Hn)) < =

Each of the at most 27 +H) partitions of ¥V which has fewer than mn
cut edges with respect to T', has probability less than exp[—%%‘lm] of having
fewer than mn cut edges with respect to GG, and so the expected number of
partitions with fewer than mn cut edges with respect to both T" and G is at
most the product. Our selection of 7 insures that the product approaches
zero, completing the proof of Theorem 5.4.1.

Now we prove Theorem 5.1.4. Let ¢ > 1 be fixed. Fixc;,awith1l < ¢; < ¢

1+c

and ¢; + a = ¢, for definiteness we may take ¢y = 3¢ and a = % Set

p = 2, p1 = < and py such that p = p; + pa — pip2. Note py ~ 2. We
may regard G ~ G(n, p) as the union of independently chosen G7 ~ G(n, p;)
and Go ~ G(n,ps). On G almost surely there exists a “giant component”
X with |X| ~ din where d; is an explicit function of ¢; given in the classic

Erd6s-Rényi papers. Set m = |X|. Then pasm ~ ad;. Then Gi|x contains
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some tree T'. From Theorem 5.4.1 there is a constant 1 such that almost
surely (T'UG5)|x has bisection width at least mn ~ n(din). As adding edges
can only increase the bisection width b(G|x) > n(din)(1 — o(1)). Applying
the basic relationship between bisection width and crossing numbers gives
CR(G|x) = Q(n?). Hence CR(G) > cR(G|x) = Q(n?).

Comments and Open Questions: From Theorem 5.1.1 we know that
Ker(n,p) — Yer @8 p — 1 and we have just shown that re(n, £) is bounded
from below. How large does p = p(n) need to be so that keg(n, p(n)) ~ Yer?
We have already conjectured that for any p = p(n) with np — oo we have
Ker(n, p) — Yer. But we cannot even show that keg(n,p) — Yer when p < 1
is a constant. Suppose (which is surely true though we are unable to show it)
that lim,, fcr(n, ©) exists and call it for(c). Then fcr(c) would be increas-
ing so lim. . fcr(c) would exist but might be a value strictly less than ~ycy.
Would there be a second (or even a third or more) region (something like
p = ©(n~/2) or, more likely, p = ©(1)) where kcx(n,p) increases (in some
asymptotic sense) until it finally reaches vycp?

5.5 The rectilinear crossing number

Here we show Theorem 5.1.5. An order type of the points x1,xs,...,x, in
the plane (with no three colinear) is a list of orientations of all triples z;x;xy,
i < j < k [GP86]. Elementary geometry gives that the order type of the four
triples @;x;xy, v;7,2;, v,257, T2 determines whether or not the straight
line segments x;x; and x;x; intersect. Let X be the set of all order types of
the points x1,x9,...,x, in the plane. We shall make critical use of a result
of Goodman and Pollack [GP86, GP89] that |X| < n%". We note that the
Goodman-Pollack result is derived from the Milnor-Thom theorem, a now
classical and very deep result concerning algebraic varieties.

First, however, we examine a fixed order type £ € X. For any graph G
with vertices vy, ..., v, let LIN-CR¢(G) denote the number of crossings in the
straight line drawing of GG where v; is placed at x; in the plane and zy, ..., z,
have order type €.

Theorem 5.5.1. Let G(n,p) be a random graph with vertices vy, vs, ... 0p,
with edge probability 0 < p =p(n) < 1, and let e = p(’;) Then

Pr [|LIN-CR¢(G) — E[LIN-CR¢(G)]| > Bae™?| < Bexp(—a®/4)
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holds for every a satisfying (e/4)3 exp(—e/4) < a < \/e.

Proof: We follow the approach of Pach and T6th [PT00a]. (We note that
general polynomial concentration results of Kim and Vu [KV00] could also
be used.) Let eq,es,.. S €(n) be the edges of the complete graph on V(G).

Define another random graph G* on the same vertex set, as follows. If

G has at most 2e edges, let G* = (G. Otherwise, there is an i < (2) SO

that [{e1,e2,...,e;} N E(G)| = 2¢, and set E(G*) = {ey,e9,...,¢;} N E(G).
Finally, let f(G) = LIN-CR¢(G”).

The addition of any edge to G can modify the value of f by at most 2e.
Following the terminology of Alon-Kim—Spencer [AKS97|, we say that the
effect of every edge is at most 2e. The wvariance of any edge is defined as
p(1 — p) times the square of its effect. Therefore, the total variance cannot

exceed
o <;L>p(26)2 = 4e?.

Applying the Martingale Inequality of [AKS97|, which is a variant of
Azuma’s Inequality [A67] (see also [AS92]), we obtain that for any positive

a<ole=2/e,
Pr “f(G) —E[f(G)]| > aoc = 2&63/2} < 2exp(—a’/4).

Our goal is to establish a similar bound for LIN-CR¢(G) in place of f(G).
Obviously,

Pr[f(G) # LIN-CR¢(G)] < Pr[G # G*] < exp(—e/4).
Thus, we have

|E[f(G)] — E[LIN-CR¢(G)] | < Pr[f(G) # LIN-CR¢(G)] max LIN-CR¢(G) <

n4
exp (—e/4) - < ae®?,

whenever a > (e/4)3 exp(—e/4) (say). Therefore,
Pr [|L1N-CR§(G) — E[LIN-CR¢(G)]] > 3&63/2} <
Pr[LIN-CR(G) # f(G)] + Pr[|f(G) = B[f(G)]] > 20¢?] <
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exp(—e/4) + 2 exp(—a?/4).

If o < /e, the last sum is at most 3 exp(—a?/4), as required. This concludes
the proof of Theorem 5.5.1.
Now we can prove Theorem 5.1.5. Fix p = p(n) with p(n) > an and G' ~

G(n,p). Set e = p(’;) Let C), = Kunveer(n, 1). Since € € X, E [LIN-CR¢(G)] =
P*LIN-CR¢(K,) > Cye?. Let € > 0 be arbitrarily small, but fixed. Then

Pr [LIN-GR(G) < (C,, — €)¢?]

<> Pr {LIN-CRg(G) < E[LIN-CR¢(G)] — 862} .
cex
We apply Theorem 5.5.1 with 3ae®? = ce? so that a?/4 = ze?e. The
growth rate of p(n) insures that this is o(n~%") for any fixed positive . The
Goodman-Pollack result critically bounds |X| < n". Hence the sum goes to
zero, as desired.

Comments and Open Questions: We have not been able to determine if
the condition p > an in Theorem 5.1.5 is necessary. We have conjectured
that for any p = p(n) with np — oo we already have lim,, ., Kpn.cr(7,p) =
Yin-cr- While the theorem of Goodman-Pollack itself cannot be improved
asymptotically [A86], it might be the case that there are few (in some sense)
near optimal drawings so that the n=® error probability used in the proof
of Theorem 5.1.5 may not be fully necessary. This, however, remains highly
speculative.

The concentration result Theorem 5.5.1 holds for the other crossing numbers
as well, with essentially the same proof.

Acknowledgement. We would like to express our gratitude to Janos Pach
for many very useful remarks.
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Chapter 6

The k-set problem

6.1 Point sets with many k-sets

For any n, k, n > 2k > 0, we construct a set of n points in the plane with

Q( 4/logk

ne ( ® ) k-sets. This improves the bounds of Erdds, Lovasz, et al. As
a consequence, we also improve the lower bound for the number of halving
hyperplanes in higher dimensions.

6.1.1 Introduction

For a set P of n points in the d-dimensional space R¢, a k-set is subset
P’ C P such that P’ = PN H for some open half-space H, and |P'| = k.
The problem is to determine the maximum number of k-sets of an n-point
set in RY. Even in the most studied two dimensional case, we are very far
from the solution, and in higher dimensions even less is known.

The first results in the two dimensional case are due to Lovasz, and
Erdés, Lovasz, Simmons and Straus [L71], [ELSS73]. They established an
upper bound O(nvk), and a lower bound © (nlogk). Despite great interest
in this problem [GP84], [W86], [E87], [S91], [EVWIT], [AACS98], partly due
to its importance in the analysis of geometric algorithms [EW86], [CP86],
[CSY8T7], [E8T], there was no progress until the very small improvement due
to Pach, Steiger and Szemerédi [PSS92]. They improved the upper bound
to O(nvk/log* k). Recently, Dey [D98] obtained an essential improvement
of the upper bound; his bound is O(n%) There was no improvement on
the lower bound of Erdos et al., besides little improvements on the constant
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[EWS5], [E92], [E9S).

Theorem 6.1.1. For any n, k, n > 2k > 0, there exists a set of n points in

Q(\/@) k-sets.

the plane with ne

In the dual setting, Theorem 6.1.1 gives an arrangement of n lines such
that the complexity of the k-th level (the number of intersection points having

exactly k lines above them) is neﬂ(\/@). A similar bound was obtained by
Klawe, Paterson and Pippenger [KPP82] for the complexity of the median
level (k =n/2) in pseudoline arrangements (see also [GP93]). However, our
construction seems to be essentially different.

Definition 1. Let n > d > 2, n — d even, and let P be a set of n points
in R? in general position (no d + 1 of them lie in the same hyperplane). A
hyperplane determined by d points of P is called a halving hyperplane (resp.
halving line for d = 2 and halving plane for d = 3) if it has exactly (n —d)/2
points of P on both sides.

In the plane, there is a one-to-one correspondence between complemen-
tary pairs of n/2-sets and halving lines [AG86] and for any fixed d, the
number of halving hyperplanes is proportional to the number of |n/2]-sets
[E87], [DE94]. Theorem 6.1.1 is based on the following result.

Theorem 6.1.2. For any n > 0 even, there exists a set of n points in the

(Vo)

plane with ne halving lines.

The k-set problem in space seems even harder than in the plane. The most
interesting and studied case is k = n/2, i. e. finding the maximum number of
halving planes. The first nontrivial upper bound was given by Barany, Fiiredi
and Lovasz [BFL90]. It was improved by Aronov et al. [ACE91], Eppstein
[E93] and then by Dey and Edelsbrunner [DE94] (see also [AACS98]). The
best known bound, O(n*?), was found very recently by Sharir, Smorodinsky
and Tardos [SST99]. In d > 3 dimensions, the trivial upper bound, O(n¢)
was only very slightly improved, to O(n?*¢) by Zivaljevi¢ and Vreéica [ZV92]
(see also [ABFK92]). The best known lower bound in d > 3 dimensions,
Q (ndil log n) follows directly from the lower bound in the plane, as described
in [E87]. Using Theorem 6.1.1 and the method shown in [E87], we obtain an
immediate improvement.
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Theorem 6.1.3. For any n > 0, d > 2, there exists a set of n points in R?

Q| 4/logn
with n® e ( o ) halving hyperplanes.

6.1.2 Idea of the construction

It is not hard to see and and shown in the next subsection that it is enough
to consider the case k = n/2, i. e. the case of halving lines. Then the
construction for other values of k£ can be obtained easily.

We construct a sequence of point sets, Vy, Vi, Vs, ..., recursively. For
1 =0,1,2,... V; has n; points and at least m; halving lines. Suppose that
we already have V;_; with parameters n;_; and m;_;. We can assume that
none of the lines determined by the points is horizontal. Replace each of the
points v € V;_1 by a = a; points, vy, vs,...,v,, lying from left to right on
a short horizontal segment very close to v. Let the resulting point set be
V! ;. Now we have an;_; points. If the line uw is a halving line of V;_; then
UIWq, UWa_1, - - - Ugwy are all halving lines of V! | (Fig. 6.1). Therefore, we
get am;_1 halving lines. Clearly, this recursive construction would give only

Now suppose that for each v € V;_4, the points vy, vy, ..., v, replacing v
are placed equidistantly on the corresponding very short horizontal segment.
Let uw be a fixed halving line of V;_;. Suppose also that u lies higher than w.
Then the corresponding @ halving lines of V/ |, ujwg,, usw,_1, ... u,wy pass
through the same point ¢ (Fig. 6.1). Add two more points,  and y to V;_,.
Let x be a point on the horizontal line through ¢, very close to ¢ and to the
left of it, and let y be anywhere on the left side of the oriented line Zw; and on

the right side of zwy. Then, uiw,, usw,_1, ... u,w; are not halving lines any
more, since they have two more points on one of their sides than on the other.
Observe, however, that the lines xuq, xus, ..., ru, and xwy, rws, ... rW, are

all halving lines now. Consequently, by adding two extra points, we obtain
2a halving lines corresponding to the original halving line uw, instead of a,
as in V' ;. We would like to add those extra points similarly for each pair
u,w € V;_1, whenever uw is a halving line of V;_;. The problem is that these
extra points x and y work very well locally for uw, but they might ruin the
other halving lines as they might be on their same side.

Once u and w are replaced by the a equidistant points, ¢ is given, and we
have very little freedom in choosing the location of x. On the other hand, we
have much more freedom with y. The only way we can essentially relocate
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U U Uy U U Uy

W W, W

Figure 6.1: Every original halving line is replaced by 2a halving lines

q and hence x, is to change the distance between the consecutive points
replacing v and v. In our construction, we place the extra points x and y
for each halving-pair u,w € V;_; and introduce some further extra points, in
such a way that none of the halving lines is ruined. So, finally every original
halving line is replaced by 2a halving lines, and the number of points is just
slightly more than a times the original number of points. More precisely,
m; = 2am;_1 and n; ~ an;_1. With a proper choice of a = a;, this will give
the desired bound.

6.1.3 Proofs of Theorems 6.1.1 and 6.1.2

First we show how Theorem 6.1.1 follows from Theorem 6.1.2, and then we
prove Theorem 6.1.2.

Proof of Theorem 6.1.1. Let n, k, be fixed, n > 2k > 0, let m = |n/2k],
and let m’ = n — 2km. Let X, X, ..., X,, be the vertices of a regular m-
gon, inscribed in a unit circle with center C'. Let ¢ > 0 be very small and
let X;(g) be the e-neighborhood of X; (i = 1,2,...,m), and C(g) be the
e-neighborhood of C'.

126



Figure 6.2: Construction for general k

By Theorem 6.1.2, there exists a 2k-element point set S, with leﬂ(\/@)
halving lines. For any 1 < ¢ < m apply a suitable affine transformation A;
to S such that A4;(S) = S; C X,(e) and for any halving line ¢ of S;, all Xj(¢),
1 <j<m,j#1, are on the same side of /. Finally, let S’ be a set of m’
points in C'(g). Then the set T' = 5" U%, S; has m2k + m’' = n points and

m2keﬂ(\/@) = neﬂ(\/@) k-sets (Fig. 6.1.3). O

Definition 2. For a positive integer a and € > 0, let P(a, <) be a set of a
equidistant points lying on a horizontal line such that the distance between
the first and last points is €. Then P(a,¢) is called an (a, €)-progression. We
say that a point p is replaced by an (a, €)-progression, if p is identical to one
of the points in the progression.

Definition 3. A geometric graph G is a graph drawn in the plane by
(possibly crossing) straight line segments, i.e., it is defined as a pair G =
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(V, E), where V is a set of points in general position (no three on a line) in
the plane and F is a set of closed segments whose endpoints belong to V' (see

also [PA95]).

Proof of Theorem 6.1.2. We construct a sequence of geometric graphs
Go(Vo, Eo), G1(V1, Ey), Ga(Va, Ey), ..., recursively with the property, that
for any i, every edge e € E; is a halving line of V;. For i = 0,1,2,..., G;
has |V;| = n; vertices and |E;| = m; edges. Denote the mazimum degree of a
vertex in G; by d;.

Let G have two vertices (points) and an edge connecting them. Suppose
that we have already constructed G;_;. Assume without loss of generality
that no edge of GG;_; is horizontal. Let ¢ = ¢; > 0 be very small, and let
U1, V2, ..., U,,_, be the vertices of G;_1. The graph G;(V;, E;) is constructed
in three steps.

STEP 1. For j = 1,2,...n,_1, replace v; by an (a;,&’)-progression. The
exact value of a = a; will be specified later. The resulting point set is
Viii

STEP 2. Let e be an element of E; ; with endpoints v and w. Then, for
some 1 < a, B < n;_;, we have u = v,, w = v3. Suppose without loss of
generality that o < 3. Denote the points of the arithmetic progression
replacing u (resp. w) by uy, ug, ..., u, (resp. wy, ws, ..., w,). Let g be
the intersection of the lines ujwg, uswy_1, . .. u,w; (Fig. 6.1). Add two
more points, x and y to the point set as follows.

Place x so that zq is horizontal, x is to the left of ¢ and the distance
Zq is so small that for 1 < j < a, the line zu; separates wy, wo, ... wq—;
from wq_j41, ... w,, and similarly, the line zw; separates uy, us, . .. Uq—;
from wg—ji1, .. . Uq.

Finally, let z be the intersection point of the line zu, with the line
passing through wy, w,, ..., w,, and place y so that the vectors gz and
zy are equal. (see Fig. 6.1).

Add the edges {zuq, zus, ..., xUq, TW, TWe, . .., TW,} tO Fj.

Since ¢ is very small and a@ < 3, we obtain that x and y are in a small
neighborhood of w. Moreover, wy, ws, ..., w, must be very close to the mid-
point of the segment xy. Therefore, any line vw, with w € {wy, ws, ..., w,},
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ve V! and v & {uy,ug, ..., u,}, intersects the segment xy very close to its
midpoint, in particular, it separates x and y.

Execute STEP 2 for every edge e € F;_;.

STEP 3. Let u be an element of V;_;. In STEP 1, we replaced u by an

(a,&’)-progression, say {uy,us, ..., uq}, from left to right. In STEP 2,
we possibly placed some pairs of points in a small neighborhood of
u. Denote the number of those points by 2D. For each edge of G;_;
adjacent to u, we placed zero or two points in the neighborhood of u,
and the number of those edges is at most d; ;. Therefore, we have
D <d; ;.
Place d;_1 — D points on the line of {uy,us, ..., u,}, to the left of uy,
such that their distance from wu; is between e and 2¢. Analogously,
place d;_1 — D points on the line of {uy, us, ..., u,}, to the right of u,,
such that their distance from u, is between ¢ and 2¢ (see Fig. 6.1.3).

Execute STEP 3 for every vertex u € V;_1, and finally, perturb the points very
slightly so that they are in general position. Let G;(V;, E;) be the resulting
geometric graph.

U Uy Uy

d.1 -D points d.1 -D points

Figure 6.3: Each vertex is replaced by a + 2d;_, points

Claim 6.1.4. All edges in E;, introduced in STEP 2, are halving lines of V;.

Proof of Claim 6.1.4. Let e € E;_; be any edge of GG;_; with endpoints
u,w € V;_1. Use the notations introduced in STEP 2. Let 1 < 7 < a. We
know that the line xu; separates wq, ws, ... w,—; from wy_ji1,...w,. There-
fore, it is a halving line of the point set {x,y, ui, ug, ..., g, w1, Wwe, ..., Wy}
All the other points in the neighborhoods of u and w are introduced in pairs,
one on each side of the line zu;. Since uw is a halving line of V;_;, there are
exactly (n;,_1 —2)/2 points of V;_; on both sides of uw, and each of them are
replaced by exactly a+ 2d;_; points in their small neighborhoods. Therefore,
we can conclude that the number of points of V;, lying on different sides of
uw are the same. O
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Each vertex of G;_; is replaced by a + 2d;_; points. Therefore, |V;| =
n; = (a + 2d;_1)n;_1. For each edge e € F;_;, we introduced 2a edges in F;.
Consequently, |E;| = m; = 2am;_1. Let a = 4d;_;. Then we have

n; = 6di,1ni,1, (61)
m; = 8di,1mi,1. (62)
Now we calculate d;. There are three types of points in V;.

1. Those points which are introduced in STEP 1. They have the same
degree in G; as the original point in GG;_;. Hence, the maximum degree
of those points is d;_;.

2. Those points which are introduced in STEP 2. Half of them have degree
zero, the other half has degree 2a = 8d;_;.

3. Those points which are introduced in STEP 3. They all have degree
Zero.

Therefore, for ¢ > 0, the maximum degree is d; = 8d;_;. Since dy = 1, we
have d; = 8'. Using (6.1) and ng = 2,
n;=2- G . QIH2H+(i-1) 8§+(1og8 6f%)i+%'

Analogously, using (6.2) and mg = 1,

[ V]
wls.

my = 8 . L1 RE+

Therefore,

1-logg 6)i-1 _ (v log "z) .

This proves Theorem 6.1.2 if n is of the form 2- 67 - 82T +0=1 for some
¢ > 0. It is not hard to extend the result for every n, using the following easy
and well known results [L71], [ELSS73|, [E87]. Let f(n) be the maximum
number of halving lines of a set of n points in the plane.

Claim 6.1.5. Fora,n >0, (i) f(an) > af(n), and (ii) f(n+2) > f(n).
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Proof of Claim 6.1.5. Let P be a set of n points with f(n) halving lines
and suppose that no line determined by the points of P is horizontal. For
(i), replace each point of P by an (a,&’)-progression. (See also the previous
section and Fig. 6.1.)

For (ii), add two points to P, one very far from P to the left and one
very far to the right. Then all halving lines of P are halving lines of the new
point set. O

This concludes the proof of Theorem 6.1.2.

6.1.4 Proof of Theorem 6.1.3

Let f4(n) be the maximum number of halving hyperplanes of a set of n points

in R4,
Claim 6.1.6. Forn >0, fa(n+2) > fa(n).

Proof of Claim 6.1.6. The proof is analogous to the proof of Claim
6.1.5 (ii). O

Suppose for simplicity that d is even. For d odd, the proof is analogous.
By Claim 6.1.6, we can assume without loss of generality that n is divisible by
6. Let P, be a set of n/3 points in the intersection of the hyperplanes z; = 0
and x5 = 1 such that no d — 1 of them lie in a common d — 3 dimensional
affine subspace. Let P, = —P; that is, P, is the reflection of P, about the
origin. Any hyperplane that contains the x;-axis and avoids P;, also avoids
P, and cuts the set P, U P, into two equal subsets. Let P; be a set of n/3

points in the plane spanned by the x; and x4 axes, with neQ( o n) halving
lines, such that the points of P; are very close to the origin, and all halving
lines have very little angles with the zi-axis. Now any hyperplane which
contains a halving line of P3 and avoids P; U P, is a halving hyperplane of
the set P U P, U P;. Since for any halving line of P;, there are €2 (nd_Q)
combinatorially different such hyperplanes, Theorem 6.1.3 follows.

Remarks. 1. The proof of Theorems 6.1.1 and 6.1.2 imply the lower bound
ne®282Vink=21 £ the number of k-sets. If we use a better choice for the value
of a;, a proper ordering of the vertices of GG;_; before STEP 1, and place the

additional points in STEP 3 more carefully, we can obtain the lower bound
ne0 T4VINE=2.7 < n 9Vink
20 :
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2. Based on Theorem 6.1.3 and the proof of Theorem 6.1.1, it is not hard to

Q( \/logk
construct an n-element point set in R¢ with nk?2e ( s ) k-sets.

6.2 Monotone paths in line arrangements

We show that for any n there is an arrangement of n lines which contain an
z-monotone path of length Q(n/4).

6.2.1 Introduction

Properties of line arrangements in the plane (see [PA95]) have been inten-
sively studied, partly because of their importance in the construction and
analysis of geometric algorithms (see [E87]). One of the most important and
studied such problems is the k-level problem. The k-level of an arrangement
of n lines is the closure of the the set of points of the lines with the property
that there are exactly k lines pass below them. The k-level of a line arrange-
ment is an z-monotone polygon (path) which has a turn in each of the line
intersections on it. Its length is the number of turns plus one, which is called
the complexity of the k-level. The k-level problem asks for the maximum
complexity of the k-level in an arrangement of n lines. The best known up-

per bound is O(nvk) [D98], and the best known lower bound is neﬂ(\/@)
(see Theorem 6.1.1) for any n > 2k.

In this note we consider a generalization of this problem, when the poly-
gon does not necessarily have a turn in each of the intersections on it. In
other words, we want to find the maximum length of an z-monotone path in
an arrangement of n lines in the plane. The length of the path is the number
of turns plus one. Sharir (see [EG89], [E87]) established an Q(n*?) lower
bound. Matousek [M91] improved it to Q(n®?). Yamamoto et. al. [YKIISS]
found an interesting application of this problem.

Theorem 6.2.1. For anyn > 0 there exists an arrangement of n lines which
contain a monotone path of length Q(n™/*).

Obviously, there are at most (g) intersection points in any arrangement

of n lines, so a monotone path has length at most (Z) + 1. We very slightly
improve this trivial upper bound (see Remarks).
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6.2.2 Proof of Theorem 6.2.1

We construct an arrangement of at most n lines which contain a monotone
path of length Q(n7/4). We define it in three steps. For any arrangement A
of lines, |A| denotes the number of lines in \A.

STEP 1. For any m > 0, let Al be an arrangement of 2m lines, arranged into
two bundles of m parallel lines, called the row bundle R! and the column
bundle C!. More precisely, let

RL={(ly=4)|i=1,2,...m},

Ct={(r—y=i)|i=12,...m},

and let Al = RL UCL. Clearly, there is a monotone path of length 2m in
this arrangement (see Fig. 6.2.2).

/

/

/

Figure 6.4: A monotone path of length 2m

STEP 2. Suppose for simplicity that y/m is an integer. Define A2, an
arrangement of 3m — 1 lines, arranged into four bundles of parallel lines. Let

e > 0 very small, say, € < 10\1/%. A% =R2 UC: UU2 UVA. R? and C? are

further subdivided into sub-bundles. R?, = U}/:n_} R2 (j) where

REG) ={(y=cj+<%") |/ =1.2....Vm}.

R2 (j) is called the j-th row.
Similarly, C% = Uﬁ C2 (i) where

CLi)={(w—y=i+e)|i=12..vVm}.
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C2 (i) is called the i-th column.
Clearly, any row R2 (j) and column C2 (i) form an arrangement isomor-
phic to Al so in the intersection of any row and column we have a mono-

tone path of length 2y/m. The lines in U2 and V? allow us to link all these
monotone paths.

Uy ={t;i=12..vmj=12. . vm-1}

where
1 1 o1
Em:(Qx—y=2(’t+(J+§)€)—(J+§)€:22+(J+5)6)-
V2 ={]i=12.. . Vm-1}
where

U= (20 +y=2i+1).

Figure 6.5: A monotone path of length at least m?/?

Now we have the following monotone path. Start with a monotone path
of length 2y/m in the intersection of the first row and first column. We
leave the intersection on the highest line in the first row. Then we use ¢;
to go up to the highest line in the first column, below its intersection with
the second row, and then we go along the monotone path of length 2,/m
in the intersection of the second row and first column. After leaving the
intersection, we use ;5 to reach again the highest line in the first column,
and we continue analogously, until leaving the intersection of the last row
and first column. Then we go down on ¢] to the lowest line of the first
row, and proceed similarly along the second column, then the third column,
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until the last column. This path includes a monotone path of length 2y/m
in the intersection of each row and column. Therefore, the length is at least
2m+/m > m3/? (see Fig. 6.5).

STEP 3. First we define A2, = R3 UC3 UUZ UV3  |A3| < 6m. Assume
that /m is an integer. R3, is divided into y/m bundles of \/m parallel lines,
called the rows, and each row is further subdivided into /m sub-bundles of

/m parallel lines. More precisely, R, = UY'T R3 (i) and R3 () is called the
i-th row, R3 (i) = UJ@ R3 (i, j) where

Ro(i,5) = {(y=i+e% +%) | k=12, .Vm},
SO
Ro()={(y=i+e+%) |j=12.. . ¥m k=12 . Vm}.

Similarly, C3 = UY" C3 (i) and C3 (i) is called the i-th column, C3 (i) =
U;ZT €3, (i, j) where

Cij)={(x—y=i+ej+e%) | k=12 Vm},
SO
Ci)={(w—y=itej+ek)|j=12...,Vm k=12 Vm}.

Consider any row R2 (i) and column C3 (/). The arrangement R3 (i) U
Cp,(i') s isomorphic to R? - UC? from the arrangement A% . Let U (i,7)
(resp. V;(i,7")) be the copy of U2z (resp. V2) under the same isomorphism.

Let
Vm /m

Un = U U Uy (09,

i=14¢'=1

and
Vm y/m
Vi=1J | ViE,).
i=14¢=1

In other words, for any row R3 (i) and column C2 ('), add the lines cor-
responding to LI\Q/E and V\Q/H so that we get an arrangement isomorphic to

2
A\/ﬁ-
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Because of the slopes of the lines in U3 (i,4), U3 (i,i') = U3 (i + 2,1 —
1) and U3 (i,3")| < /m, therefore, |U3| < 3v/my/m = 3m. Similarly,
V3 (i,4') = V3 (142,17 —3) and |V3 (i,7')]| < /m, therefore, |[V3 | < 5y/my/m <
m. Cearly, |R2,| =|C3 | =m, so |A3| < 6m (see Fig. 6.6).

XXX Z

OOV,

99999 V' )

WA ;f

\ \\\\\ VOO Y\

\ \\\ \D)OQZOZOZZOZON  \

\ )X\ \
‘%p%@%@%@@é??ﬁﬁ!ﬂ!!l
17

Figure 6.6: Our construction.

In A3

m?

in the crossing of any row and column we have an arrangement

isomorphic to A%/m’ so there is a monotone path of length at least (\/ﬁ)?’/ > =
m?3/*. We want to link all of them with some additional lines, just like in
the construction of A2,. The problem is that the crossing of row R3 (i) and
column C2 (') is exactly below the crossing of R2 (i + 1) and C3 (i — 1). Let
T be an affine transformation, T'(x,y) = (z + /ey, y) and let B3 = T(A3)).
It is not hard to see that all lines with positive (resp. negative) slopes will
still have positive (resp. negative) slopes. So, in the crossing of any row and
column of B3, we still have a monotone path of length m**. But now, for
¢ small enough, say, € < 10%w all crossings of the rows and columns can be
separated from each other by vertical lines. These lines can be perturbed to
lines of very large positive or negative slopes, such that they can be used to
link the monotone paths in consecutive crossings. Let £ be the set of these

lines. Then |£|=m —1, so |[B3, UL| < Tm.
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There are m disjoint row-column crossings, and in each of them we have
a monotone path of length at least m* so the monotone path containing all
of them has length at least m3/4m = m7/*.

Remarks. 1. As mentioned in the introduction, a monotone path has
length at most (g) + 1 in any arrangement of n lines. This can be improved
by the following observation. Take a monotone path of length 5m and divide
it into m intervals, each of length 5. Notice that above or below each of these
intervals there is a crossing of the lines which is not on the path. Therefore, if
there are n lines and a monotone path of length &, then (72‘) >k—1+|k/5]
so 5n?/12 > k. With a slightly more careful analysis one can show that
n?/4 > k, but we were unable to give a o(n?) upper bound.

2. If instead of the number of turns, we define the length of the path as
the number of intersection points on it, it is easy to construct an arrangement
of n lines with a monotone path of length Q(n?).
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