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Problem 5.1
Given: A (simple) polygon P in R?
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Goal

Problem 5.1
Given: A (simple) polygon P in R?
Wanted: Subdivision of P by disjoint vertex connections into triangles
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Problem 5.1
Given: A (simple) polygon P in R?
Wanted: Subdivision of P by disjoint vertex connections into triangles
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Goal

Problem 5.1
Given: A (simple) polygon P in R?
Wanted: Subdivision of P by disjoint vertex connections into triangles

AN

Definition 5.2
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Goal

Problem 5.1
Given: A (simple) polygon P in R?
Wanted: Subdivision of P by disjoint vertex connections into triangles

AN

Definition 5.2
* A diagonal in a polygon connects two distinct vertices; its interior lies inside the polygon.
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Goal

Problem 5.1
Given: A (simple) polygon P in R?
Wanted: Subdivision of P by disjoint vertex connections into triangles

AN

d

Definition 5.2

* A diagonal in a polygon connects two distinct vertices; its interior lies inside the polygon.
 Two different diagonals in a triangulation may share end points, but nothing else.
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Motivation

THE ART GALLERY PROBLEM
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Properties

Theorem 5.9
The dual graph of a triangulation of a simple polygon is a tree.

Proof:

The dual graph is trivially connected.

Assume it contains a cycle.

Note that each dual edge corresponds to
a path of interior polygon points.

Therefore, a cycle corresponds to a closed path .
of interior points that surrounds a boundary vertex

- a contradiction to a simple polygon having

a connected boundary.

Corollary 5.10

Every triangulation of a simple polygon has two ,ears” - leaves in the dual.
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Theorem 5.9
The dual graph of a triangulation of a simple polygon is a tree.
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Properties

Theorem 5.9
The dual graph of a triangulation of a simple polygon is a tree.

CCCG 2014, Halifax, Nova Scotia, August 11-13, 2014

On the Chromatic Art Gallery Problem

Sédndor P. Fekete® Stephan Friedrichs* Michael Hemmer* Joseph B. M. Mitchell!
Christiane Schmidt'

Abstract — NG|

For a polygonal region P with n vertices, a yuard cover A
S is a set of points in P, such that any point in P can be
seen from a point in 5. In a colored guard cover, every o .
clement 1 a guard cover s assigned a color, such that /
no two guards with the same color have overlapping \
visibility regions. Tae Chromatic Art Gallery Prob- \ o o —e
lem (CAGP) asks for the minimum number of colors . -
for which a colored guard cover exists,

,“c ey tho.LAbP or S cabe ok only_two oelons. Figure 1: An example polygon with n = 20 vertices.
We show that it is aleady NP-hard to decide whether A wabd chdialion . X

A . . minimum-cardinality guand cover with n/4 guards

two colors suffice for covering a polygon with holes. even (shown in white) requines n/4d colors, while a minioun-

when mbnrnry. guarc positions are nll(_yuwl. For sim- color guard cover {ak in black) has n/2 + 1 guards
ple polygons with a discrete set of possible guard loca- "
and rejuires only 3 colors.

tions, we give a polynomial-time algorithm fir deciding
whether a two-colorable guard set exists. This algo-
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We discuss the CAGP for the case of only two colors,
We show that it is aleady NP-hard to decide whether
two colors suffice for covering a polygon with holes, even
when arbitrary guarce positions are allowed. For sim-
ple polygons with a discrete set of possible guard loca-
tions, we give a polynomial-time algorithm fir deciding
whether a two-colorable guard set exists. This algo-
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Figure 1: An example polygon with n = 20 vertices.
A minimum-cardinality guand cover with n/4 guards
(shown in white) requines n/4d colors, while a minioun-
color guard cover (shown in black) has n/2 4 1 guards
and rejuires only 3 colors.
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and ¥ diserete quard locations L, it can be decided in
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Monotone Polygons [Garey, Johnson, Preparata, Tarjan 1978]

Algorithm 5.16
Input: A y-monotone polygon P
Output: A triangulation of P

1. Sort vertices by y-coordinate
2. Maintain queue of vertices still to be processed
* First two vertices of unfinished subpolygon
 Further vertices in same chain if predecessor
reflex
3. Processing vertices in sorted order:
3.1 If opposite chain:
« Connect to all vertices in chain, leave in
queue Chain
3.2 If same chain, predecessor reflex:
« Add to queue Add
3.3 If same chain, predecessor convex:
« Ear! Connect and update Ear
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Partitioning into Monotone Polygons [Garey, Johnson, Preparata, Tarjan 1978]
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Partitioning into Monotone Polygons [Garey, Johnson, Preparata, Tarjan 1978]
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Recrived £ Novernber 1977

Qusat-poxt problers. computational peoeetry, polygen. triaagalation

1. Introduction

Let Phe 3 simple nslded polygon in the plane, aot
necessarily comvex, A diggona! of Pls a line sspment
Joining two nonadjrcent vertices of P. We comsider
here the problem of riangnlasing P, that is, of Aading
n - 3 diagomals which intersect neither each other nor
the boundary of P urd which divida the interior of 2
into » — 2 tdangles

Applizations of trizagulation arise in clusest point
problems [1,2) and in evalusting functions by Interpo-
lation [3,5]. An slegant algorithm for rrdangulating »
st 5 of » points in tha plane has bean given by Shamos
[4 5], using the Voronci diagram of S, and 11 re juires
oniv O 1og 1) steps on a random sccess machine with
seel aumber arii’ metk. The problem of triangualating

* The results in this paper aere abtained rdepenimtly by
ke hird suther sad by the firr. sccond ard fourth watx-
o

** Dopes tmends of Plectricd Fageeesing mx! of Compaler
Science, und! the Coorcinated Science Ladaratory. Resarch
of hix swil e smppocted in part by Notiom ! Sclencoe
Foandat.uon grant MCE76-17321 2xd the Joiet Sarvioss
Flectronics Program Contract DAART-T2-0-0258.

tx¢ Compater Stierce Department. Racearch of this author
sapported in part by Nattew! Scieace Feandaticn prant
MCS75.22870, Cdfice of Navel [eseareh Contract NO0O1 4
T6C-0330 39d Rell Laborasories.

a simple polygon appears Lo he more difficult. lndeed.
vo previously known method inepeoves on the Ofm?)
brute force algorithm. (The method of |4,5] is nat
sufficient, since it caanot ersure that tha bouadary
edges of P will belong (o the comstructed triangulstion.)
We shall give an algorithe which tdangulates an asbi-
trary nevertex shmgle polygon in tire O logn).

Our algorithm depends heavily upon resultsin [1].
We use the “regularization™ prozedure of that paper
to preprocess the givea pelygon, subdividing it into
polygons having a very siingle structure, This special
stracture perrilis us to complete the triangulation using
a straightforward algorithm for triamgulating cach ol the
simpler polygons, Section 2 of this paper oresents the
algarithm for triangulating such a speciallystructused
poygor, and Secticn 5 disausses the property of “reg-
ularizat:on" which allaws us to vse this algaritha for
tiangulating an arbitrary simpe polygon.

2 Tiiangulating » nonotonz polygon

12t Phe &z simple polygon in the plene having bound
ary verticas p, g, .., 2. We choose the y-axis a0
prefened direction and assusme theoughout this paper
that no twu vaxtices of Phave the same y<oordinate
(this assumplion is aot coudal to the results, but serves
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.
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Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

NILg

e

Universitat
¥ Braunschweig

::;_& ‘3% Technische
O ~* " z
3

Nsce

13



Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

Tarjan and van Wyk (1988):
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

Tarjan and van Wyk (1988): O(nloglogn)
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Note: Lower bound of €2(nlogn) only applies to non-si = N
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AN O(n log log n)-TIME ALCORITHM FOR
TRIANGULATING A SIMPLE. POLYGON®

RUBERT E. TARJANT: anp CHEINTOUFHER 1. VAN WYY

Abstesct. Giver s smple sovertre polygen, the fafang e'aWan peadeom 15 1 part San the aveno of the
polvgor ive a2 trisaghks by sddisg & 3 momintericct og diagenals, We propose an O 'x log kogn)-time
P rog ress - slpechibm ke 1t prodiem. [mproving o ths prevewsly test tound o O e kg &' amd show ay that risgs-
L] lation & oot mi hasd i sceting.  Lirpeoved algosityrs for keveral COMer compuiaticmil geoneiry Moblaws,

inchading teating whether a pelypon s simgle, fol ow From ous remlt,

Koy words, amertiaed tume, balanzed dimide and conquar, Mtarogenscus Mager cassch tree, Yoncgene-
e Bages vosndh lecs, buriacnts vaallity inforsaalion, Jordas sonting v @ conoe wor ouior, singdicily Losts
‘l‘

Tarjan and van Wyk (1988): O(nloglogn) AU s o B 96

1. Intrediction. Tet P be an reertex simple palygon, defdred by a lia
Y01, e o¥aoy Of I8 ratacs in Clickwise oeder around the Doundary. (The inteio
of the polygon is to the right as anc walks cleckwisc zround the boundary) We
deasts e bouadary of 2 by 9P, We amume throughcut this poper (witaout loss of
gearrality) that the ves1ioes of P havs distiast p-cocrdinates. For convemioncs we
defire v, m vy, The evger of P ure the open line sepments whose endpoints are v,
for 0 € 1 < n. The dlagona's o Poare the apen line segments whise erdpants arz
vertices and that lic catucly in the interics of P, The wiangulation problert s to fnd
#—3 monintersectiag diwgonals of A which partition the intzrier o7 Pinw 22 trian-
gles.

If ¥ 15 convex, any pair of veriices cohinis a disgonal, and it 5 sasy to tricezulate
Pln ©(#) tme. If Pk not cooves, not all pairs of vert.ces define diagomals, ard even
finding one disgonal, ler alone wriangulzting P, Is not 2 irivial preblem. In 1978,
Garcy, Johisan, Preparata and Tajan 110] prescted an O le loga)-inx U asgulation
algorithm. Sincc then, wark oa the preblery has proceaded in twe dirctions. Some
asthere have deweloped Lnear-time algonthms for trangulatiap cpedia. classes cf
pAypang, cuck & roroione polygoes [10] ard star-sbaped palygone 31), Othess have
dovised trizngulstion wlgerithms whose ~unming time is O (obog &) for o parameter k&
(el somzhew quantfies the compladiy of the palygom, such a¢ the numrber of reflex
angkes [13] or the “sincosity™ [5], Since these mcasures al' admit classes o polygons
with & = QU the warst eass ranning tims of tazse nlgerithms is caly known to ¢
D0 lcgr). Delermining whetaer tnangulation csn te dome i o(xlogn) e, e,
asymprotically faster 1han sortng, has beer one of the forsmost open problems In
Gmnpu s lions | gecmetny

Im his paper we peapese sn O (1 loglog #)-1ime triangulatlon slgarieam, therety
siowing Ut trangubstion s isdead cesxs Uee sworting. The paper & & revised amd
sarrceted version of a confercece paper [27] which arrorcously cheirmod an O (a)-time
alzonthm. “The goal ol cbtanmng 3 linsar-lime algositkm remane slwsive, bul our

*Recsived by the cdilcen Scplermber 8, 1984; nzocpied for gublcamticn Grn revacd formy Agril 22
1987, Typosct on Judy 28, 1557 21 AT Bell Lators orice, Murray HiL Nea Jenoy

TATET Eell Laboeaiories, Murrey Hill Neow Jersey 07974,

tDepanrsen of Covpurs Sciesce, Privceson | miversity, Privcesn, New Jesesy 08464, The work of
the antor was partialy rupporied by Natomad Saence Foandaon gramt DR ¥60 61,
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

Tarjan and van Wyk (1988): O(nloglogn)

WILgy

e

o < .
g”:;_i ‘3% Technische
g

*}i > Universitit
L) (& .
22445 Braunschweig

OIVch‘

13



Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

Tarjan and van Wyk (1988): O(nloglogn)

Kirkpatrick, Klawe, Tarjan (1992):

WILgy

v, % .
3% Technische

v A . g oo
> Universitat
¥ Braunschweig

Yy, e
OIVscﬁé

13



Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

Tarjan and van Wyk (1988): O(nloglogn)

Kirkpatrick, Klawe, Tarjan (1992): O(nloglogn)

NILg

v, % .
3% Technische

v A . g oo
> Universitat
¥ Braunschweig

Yy, e
OIVscﬁé

13



Faster Triangulation

Note: Lower bound of 2(nlogn) only applies to NON-Si . coroums s e —
Geometry

L M OnpT- VETAE Mew TOr I

Progress:

Polygen Triangulation in O(n log log »#) Time with
Simple Data Structures®

Tarjan and van Wyk (1988): O(nloglogn)

Dawd G. Swkpatrick,' Mana M. Klawe,* and Kobert E. Tarjan’

! Departmen: of Computer Science, Un versity of Britih Columbia,
Vancouver, Britsh Columba, Canala Y6T 122

* Departnent of Conpuier Scierce, Priscetsn University,
Princeton, NJ 08540 USA, and
NEC Resarch Fistiwre

Kirkpatrick, Klawe, Tarjan (1992): O(nloglogn)

Abstact.  We glve a new Oin log log r)-time deterministic algorithm for triangala-
ting nmple n-vertex polygons, whica avoids the we of complicated data structurcs
Is additon, for palypons whose vertices have intoger coosdinates of polymominlly
bounded siae, the igorithm can be modifed to run in Onlog® n' tine. The major
nmw leckniques employed are the eficxent locatioa of horizental visibiity edges that
partiion the interior of the polygon inlo ragions of approxmalely eqaal size, ard a
liscar-time algorithm for oblaming the hornizental viibility partivon of 3 subchan
of a polygosal chain, roam the hodiaontal risibdity partition of the entise chain. The
Isttes technique has ovher inwresting appleations including 2 inear-time algoarithm
to convert & Stziner tnangulaticn of a polygon irto 1 true inangulation.

L Introdsction

Let ¥ be a simple polygen with n vertices, The diagonals of P are the open line
scpucnts whose cudpuints are vertices of the polygon asd chat lic entircly in the
intcrior of P A iriangelation of I* is a pattiton of its interior iato n — 2 triangles
by adding n — 3 nonintersecting diagonals. The problem of triangulating a simple
polygon, that is, determining the set of nonintersecting disgonali, has attracted
conuaderable attention in computatioral peometry hiterature asd clsewhere

T 1Dt rescanch was partally suppored by (3¢ lollowing grimts NILEKLU MI334, NSERC SHNKS,
ONRNIDOILR1L0MT, and by DIMACS, an NSF Sdence and Tecamology Center (NSF ETCRE

M641).
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

Tarjan and van Wyk (1988): O(nloglogn)

Kirkpatrick, Klawe, Tarjan (1992): O(nloglogn)
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-si

Ditcrate Compat Geom 4470437 (1589 G""" PR P——

cometry

19 Sonimger Verlg New Yok s

Progress:

A Fast Las Yegas Algorithm for Triangulating 2 Simple Polygon

Tarjan and van Wyk (1 988) O (n log log n) Kenaeth L. Clarkson,’ Robert E. Tarjan,'** and Christopher J. Van Wyk'

'ATAT Bl Labonataries, Muray Hil, R)079%4, USA

" Departrsemt of Computer Science, Princeton Umirersity, Princeton, NJ 08544, USA

Abstrac. Wi presemt a randomued algorithar thet Giasgelaies a smple pulypon

oF mvertices 0 Oa leg® m) expested time. The averagng inthe analysis of runeng

Kirkpatrick, Klawe, Tarjan (1992); O(nloglogm) | oy o s

1. Introduction

To tidangulare a simpl: polvgon on n vertices, we add 10 it # —3 line s:gments

H . *k betweea vertices (diagonals’ that partition its mterior into tnangles. Dstermining

C I arkSO n y Tarj an y Van Wyk (1 989) . O (n log n) the complexity of triangu at ng a simpk polygon is an outstanding open problem
in compulational geometry.,

Previons werk or the triangulation pmblen has concentrated 0a finding fast
deterministic algorithms 10 solve it. Garey e ol gave an algorithm (o triangulate
an mgonin Oln logn! time [GJPT]. Tangan and Van Wrk devised & much more
complizated algorithm that runs in Q\n log leg #) e [TV].

In this revised and expanded version of our conference paper [CTV], we
present a randomized algorithm that triangulate: a simple polygon on n vertices
it O(nlog* n) eapocted lime. Our slgorthm uses the fullowing key ideas

® divide and conquer

& the “random sampling” paradigm [C1),[CS),[ES] [HW];

& the veriical visibility decemposition determ ned by a 52t of aoncrossing line
scgments in the planc: cech cedpoint of a line segment defines the vertical
boundaries of two gencraliced trapezoids, gencrated by vertical rays tha.

* Rewcarch parialy wmpponed by the Natvomal Sclenc: Fousdadoa usder Grast No. DR
Renses
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

Tarjan and van Wyk (1988): O(nloglogn)

Kirkpatrick, Klawe, Tarjan (1992): O(nloglogn)

Clarkson, Tarjan, van Wyk (1989):  O(nlog" n)
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Faster Triangulation
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:
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Kirkpatrick, Klawe, Tarjan (1992): O(nloglogn)

Clarkson, Tarjan, van Wyk (1989):  O(nlog" n)
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-si

Eocrcie Comput Geomn 5. 48324 (1971) [ ——
Geometry

£ Spv e Varleg Teew Terd

Progress:

Triangulating a Simple Polygon in Linear Time*

Tarjan and van Wyk (1988): O(nloglogn) | wmacu

Ivpartment of Coerputer Sownce, Panceton Laveersity
Frncetoa, NJ U, UNA

Absfract. Ao give a deterrsinstic slgonthr “or trangnlating 2 simple polygoa in
lincar timee  The hace strategy 8 10 Paald 5 coares aspecumaiion of a trmagukcion
. . . . in a bottom.up phas= and then uie the information computed aloag the way Lo refine
KIrkpatrICk, Klawe, Tarjan (1 992)_ O (n log log n) the tragulation is a topdewr paase. The main tools used ace the pelygee-cutting
theorers, wheh provides s with a bakising scheme, and the plasar separator

theorems, whose role i essential in the diicovery of sew disgoan’s Only slerrenisry
data strustures are raquired 5y Lhe algonthm. In particular, ro dyramio search tsees,

finger treex, or potal-lecation siructures ase needsd. We manticn a foew apolicaticns
of our algerithrs.

Clarkson, Tarjan, van Wyk (1989):  O(nlog" n)

L Imrocuction

Tranguloting a smple polygon has been one of the mest outtanding open
probieras in iwodimens cnal computational geometry. It is a bask privitive
compuler graphicy and. gemeradly, scems the nawural preprocessing step for most
rentrivial oprrations on simple palygons (5], [13). Recall that to tnangulate a

pelyzon is to subdivide it intc tnangles withou: adding any new vertices Despile

C hazel Ie (1 99 1 ) . O (n) 1's apparent simplaty, however, the tnangulation problem has remained dusive.

. In 1978 Garey er al. [12] gave an On log nytimz algorithm for triangalating a

smple a.gor. While it was widely helieved rhar ifangulating should he easier than

sorting no proof was 1 be found untdl 1986, when Tanan and Van Wyk [17])
ciscovered ar (e log log #i-time algontkm. Followmg this breakthrough, Clark

sonn et ol [7) discovered 3 Las Vegas algcathm, recenily singdificd by Seicd [25),
with (alog® m) expected time In 1939 Xirkpatrck er al [X] gave 5 mew

* The svthor wiibes (e sdorewledge the Nanonal Soence =onedation lor supportng this research
i part under Geami OOR §700017
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Faster Triangulation

Note: Lower bound of €2(nlogn) only applies to non-simple polygons.

Progress:

Tarjan and van Wyk (1988): O(nloglogn)
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Overview
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. Introduction

Existence

Properties

Algorithms: Removing ears
Algorithms: Finding diagonals
Algorithms: Monotone polygons
Algorithms: Monotone decompositions

Faster algorithms
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Application: Art Gallery problems

10. Application: Online triangulation
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Art Gallery Problems
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Art Gallery Problems

THE ART GALLERY PROBLEM

Given: \
a polygon P \

Find: ey

a minimum number of lights P
,/ \; "’/:
y ¥

Such that:
P is fully illuminated
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Art Gallery Problems

MARKAL OF CYOMAMNATORIAL THROGY, Serics B 24, 3104 (197F)

Note

A Short Proof of Chvital's Watchman Theorem AI_ L E RY P RO B L E M

Sieve Fisk

Deporimom of Morhzmauics, Bowsuiln Colleyr, Beavswick, Mawe D01
Cammmancod ay the Favitard
Revived Octobaa 27, 1977

This ncly contains & short proel of Covkial's Walchoan Thewem using he
cnstense of 8 thres-zoloeing of 1 trisngalned polypoe,

In 1975 Chvital (1), proved the following resu't;

Tusomess. IS s a podygon with n venicax, tier theve i @ vat T of af miost
13 points of S siech thet for any peint p of § theve 5 a point o of T with 1he
sepment pa [ying enlirely in S.

If we think of S as a muscum, with pairtngs on the walls, then the theerem
gives a bound on e number of stalwenary watchmen required o goarc
every part of the muscum. We present a simple sroof.

Froof.  Inangulate S se that 0o new verbices are added, Every soch
triangulation has a ecloring with three colots a, b, ¢ Lot T, be the set of
vertices codored w, and assamethac | T, oS | 1 | = 10, Choosing & — 1,
implies | ' < w3, Finally, every point ¢ of S 25 in soms triangls ¢f S, anc
every rranglzef Shasa po'd p ol Ton i, Since rrangles ar: convex, we huve
TS,

REFTRENCE

1. V. CuvArar, A combinasarial cheurem in plen: peametry, J. Combunmer's’ Thaory 8
W (195), 941,

Ji
S $9S6/B0043-117480.0000 e

Cogyrigh: © 1973 by Acadeorric Preve, e,

AN sighon of roprodocion in s G severenl
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Art Gallery Problems

MARKAL OF CYOMAMNATORIAL THROGY, Serics B 24, 3104 (197F)

Note
A Short Froof of Chyvital's VYWatchman Theorem
Sieve Fisk

Deporimom of Morhzmauics, Bowsuiln Colleyr, Beavswick, Mawe D01
Cammmncsvd dy the Edvtori

Received October 27, 1977 Martin Aigner - Gunter M. Ziegler

This ncly coutaing & sbort proel of Coskial's Watchioan Thewem using he N
S S NI Proofs from THE BOOK

In 1975 Chvital (1], proved the following resu't:

Tusomess. IS s a podygon with n venicax, tier theve ic @ rat T of af miost
113 peints of S such thet for any peint p of § there (5 a point o of T with tfe
sepment pa [ying enlirely in S.

I we think of § as a muscum, with pairtings on the walls, then the theerem
gives a bound o (e number of statenasy watchmen roquirsd o goarc
every part of the muscum. We present a simple sroof.

Froof.  Inangulate S se that 0o new verbices are added, Every soch
triangulation has a ecloring with three colots a, b, ¢ Lot T, be the set of
vertices codored w, and assamethac | T, oS | 1 | = 10, Choosing & — 1,
implies | ' < w3, Finally, every point ¢ of S 25 in soms triangls ¢f S, anc
every rranglzof S hasa pornd p ol T on i, Since rriangles arz convex, we hove
TS,

REFTRENCE

1. V. CuvArar, A vombinaarial cheurem in plene peametry, J. Combinamer'a’ Thaory 8
(195, 94,
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Algorithms: Removing ears
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Online Triangulation
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Online Triangulation

Triangulating Unknown Environments
using Robot Swarms

Aaron Becker Sandor P. Fekete
James McLurkin Alexander Kroller
SeoungKyou Lee Christiane Schmidt
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Computational Geometry
Chapter 6: Point Triangulation

Sandor P. Fekete

Algorithms Division
Department of Computer Science
TU Braunschweig
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Overview

1. Introduction
Minimum angle and Delaunay triangulations
Minimum-weight triangulations

Min-max edge triangulations

o & O Db

Max-min edge triangulations
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1 Introduction: The Problem
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Triangulations
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Triangulations

Problem 6.1
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Problem 6.1
Given:
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Triangulations

Problem 6.1

Given: A set P of points in R?
Wanted: Subdivision of conv(P) into triangles
with vertices in P and disjoint interior
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Objective Functions
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Objective Functions
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Objective Functions

2. Maximize minimum angle
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Objective Functions

2. Maximize minimum angle
3. Minimize total edge length
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Objective Functions

2. Maximize minimum angle
3. Minimize total edge length
4. Minimize maximum edge length
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Objective Functions

2. Maximize minimum angle
3. Minimize total edge length
4. Minimize maximum edge length
5. Maximize minimum edge length
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Objective Functions

2. Maximize minimum angle
3. Minimize total edge length
4. Minimize maximum edge length
5. Maximize minimum edge length
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2 Delaunay triangulations
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Triangulations
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Triangulations







Delaunay triangulations [Delaunay, 1934]
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Delaunay triangulations [Delaunay, 1934]
HBBECTHHA AEAJEMAW HAYE CCCP. 1934

BULLETIN IE L'ACADEMIE DBS SCIENCES DE L'URSS

Clisto des sciencos Orpe1oxmd MOTAMATITPOERS
mathematiques at nataralles X 0CTOOTIOKMME WOYX

SUK LA SPHERE YIDE
A LA xPvomre pe Gecrers Voroxoi

Par B. DELAUNAY
| Presemté par | Vaegradev, weembre de 'dcadémse)

Scit donné un systéme quelconque de points dans Pespace 3 » dimeaslons.
Je me propose de considérer une sphirs se movvant enire lee points de ce systdme
¢ rétrécissant 2t s2 dilatant & volouté et assnjettie & la seule conditien d'dtre
«videw, c’est~a~dire de ne pas contenir dans son intérieur des poicts dz ce systéme.
('est la eméthode de 1a sphére videx que j’ai proposé peur la premidre fos dans
une comnunication faite an Congrés de Taronto.

Jc montre dans ce qui suit que le stheoréme fondamentals, qui est content
dans le grand mémoire de Voranaf sar les formes quadratijues inseréd dams les
tomes 134 et 135 du Joarnal de Crelle, est une corséquence presque immédiate
d’un lemme tout & fait général. Jo pense que la dimonstration plus simple du
théoréme fondamental ce Voromoi, que Je propose, ccniribuerat i répandre
parmi les gécmbtres les resultats excessivement importaots obtenus par Voronoi
dans le mémoire mantionné du Jourral de Crelle, qni étsit son dernier o2nvre.

§ 1. Lamme général. Soient T des tétragdres towt a fais arbitraires i partogent
wuniformément Tespace & » dimensions élant coniigus par des faces eabidrecoan 1
dimensions ef tels gu'un domaine guelcongque limilé (C'ed-d-dire @ diamélre limié)
ait des points communs sewlemend aves un womlre limil de ces (€fraddres, clorsle
condifion néesseaire et svfsente pour ow avcue sphivecirconserile i un tel télvaddre
ne contisnne aans son intéricur aucun sommet @ ancun de ces ttracdres esi qué cile
ait liew powr chague paire de dewr de ces fitratdres conbigus par wne face & »—1
dimensions, Cest-de-dive que dams chaqus telle pairs le somme! d'un de ces #-
traédres ne scit pas intérievwr & lo sphere circonserite & Vautre, ef récipruguemend.

Il est évident que cela est néecssaire, Mais c2la est aussi suffisant. En offet,
stit 7, on de ces tétraddres, et 4 on sommet d’un quelconque de ces tétracdres.
Soit B un peirt intériewr de 7). Sile segment de drvite AB, en passast d'ma
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Soit donné un systéme quelconque de points dans ’espace i n dimensions.

SUK LA SPHERE YIDE
A LA xPvomre pe Gecrers Voroxoi

Par B. DELAUNAY
| Preamté par | Vinegradev, membre de I"dcadémse)

Scit donné wn systéme quekonque de points daons 'espace 3 » dimenslons.
Je me propose de considérer une sphirs se movvant enire lee points de ce systdme
¢ rétrécissant 2t s2 dilatant & volouté et assnjettie & la seule conditien d'dtre
«videw, c’est~a~dire de ne pas contenir dans son intérieur des poicts dz ce systéme.
('est la eméthode de 1a sphére videx que j’ai proposé peur la premidre fos dans
une communication faite an Congrés de Torento.

Jc montre dans ce qui suit que le stheoréme fondamentals, qui est content
dans le grand mémoire de Voronal snr les formes quadratiques inseré dams les
tomes 134 et 135 du Joarnal de Crelle, est une corséquence presque immédiate
d’un lemme tout & fait général. Jo pense que la dimonstration plus simple du
théoréme fondamental ce Voromoi, que Je propose, ccniribuerat i répandre
parmi les gécmbtres les resultats excessivement importants obtenus par Voronoi
dans le mémoire mantionné du Jourral de Crelle, gqni étsit son dernier o2nvre.

§ 1. Lamme général. Soient T des tétragdres towt a fais arbitraires i partogent
wuniformément Tespace & » dimensions élant coniigus par des faces eabidrecoan 1
dimensions el tels guw'un domaine guelconque limilé (¢'ed-d-dire @ damétre limilé)
ait des points communs sewlemend aves un womlre limil de ces (€fraddres, clorsle
condition adcassaire et svffsante pour o aucune sphiveciveonsorite & ux tal tivchire
ne contisne aans son intéricur aucun scmmet d avcun de ces wirabdres esi qué cele
ait liew pour chague paire de dews de ces idracdres conbigus par une face & w—1
dimensions, Cest-de-dive que dams chaqus telle pairs le somme! d'un de ces #-
traédres ne scit pas intériewr & lo sphére circonserite & Vautre, ef réciproquemend,

Il est évident que cela est néecssaire, Mais c2la est aussi suffisant. En offet,
stit 7, on de ces tétraddres, et 4 on sommet d’un quelconque de ces tétracdres.
Soit B un peirt intériewr de 7). Sile segment de drvite AB, en passast d'ma
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Soit donné un systéme quelconque de points dans ’espace i n dimensions. '
T
®

SUK LA SPHERE YIDE
A LA yfwomre pe Gecrers Voroxoi

Par B. DELAUNAY
| Preamté par | Vinegradev, membre de I"dcadémse)

Scit donné un systéme quelconque de points dans Pespace 3 » dimeaslons.
Je me propose de considérer une sphirs se movvant entre lee points de ce systdme
¢ rétrécissant 2t s2 dilatant & volouté et assnjettie & la seule conditien d'dtre
«videw, c’est~a~dire de ne pas contenir dans son intérieur des poicts dz ce systéme.
('est la eméthode de 1a sphére videx que j’ai proposé peur la premidre fos dans . ’
une comnunication faite an Congrés de Taronto.

Jc montre dans ce qui suit que le stheoréme fondamentals, qui est content
dans le grand mémoire de Voranaf sar les formes quadratijues inseréd dams les .
tomes 134 et 135 du Joarnal de Crelle, est une corséquence presque immédiate
d’un lemme tout & fait général. Jo pense que la dimonstration plus simple du
théoréme fondamental ce Voromoi, que Je propose, ccniribuerat i répandre
parmi les gécmbtres les resultats excessivement importaots obtenus par Voronoi
dans le mémoire mantionné du Jourral de Crelle, qni étsit son dernier o2nvre.

§ 1. Lewme général. Soient T des tétragdres towt a faii arbitraires qui partogent .
uniformément Tespace & » dimensions éland coniigus par des faces eabidrcoan 1
dimensions ef tels gu'un domaine guelcongque limilé (C'ed-d-dire @ diamélre limié)
ait des points communs sewlemend aves un womlre limil de ces (€fraddres, clorsle .
condition adesseaire et svffisente pour o ancume sphivecircomseri'e i ux tol tétroddre
ne contisnne aans son intéricur aucun scmmet d ancun de ces elvacdres esi qué cile
ait liew powr chague paire de dewr de ces fitratdres conbigus par wne face & »—1
dimensions, cest-de-dive que dams chagus telle pairs le somme! d'un de ces - ® ®
traédres ne scit pas intérievr 4 lo sphére circonserite @ Vauire, ef récipruguemend.

Il est évident que cela est néecssaire, Mais c2la est aussi suffisant. En offet,
stit 7, nn de ces tétrabdres, et 4 un sommet d’un quelconqne de ces tétraédres.
Soit Bun poirt intérienr de 7). Sile segment de d-vite AB, en passaut d'wa
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1

Soit donné un systéme quelconque de points dans ’espace i n dimensions. l

SUK LA SPHERE YIDE
A LA xPvomre pe Gecrers Voroxoi

Par B. DELAUNAY
| Presemté par | Vaegradev, weembre de 'dcadémse)

Scit donné un systéme quelconque de points dans Pespace 3 » dimeaslons.
Je me propose de considérer une sphirs se movvant entre lee points de ce systdme
¢ rétrécissant 2t s2 dilatant & volouté et assnjettie & la seule conditien d'dtre
«videw, c’est~a~dire de ne pas contenir dans son intérieur des poicts dz ce systéme.
('est la eméthode de 1a sphére videx que j’ai proposé peur la premidre fos dans ’
une comnunication faite an Congrés de Taronto.

Jc montre dans ce qui suit que le stheoréme fondamentals, qui est content
dans le grand mémoire de Voranaf sar les formes quadratijues inseréd dams les .
tomes 134 et 135 du Joarnal de Crelle, est une corséquence presque immédiate
d’un lemme tout & fait général. Jo pense que la dimonstration plus simple du
théoréme fordamental ce VYoronoi, que Je propese, ceniribuerat i répandre
parmi les gécmbtres les resultats excessivement importaots obtenus par Voronoi
dans le mémoire mantionné du Jourral de Crelle, qni étsit son dernier o2nvre.

§ 1. Lamme général. Soient T des tétragdres towt a fais arbitraires i partogent .
uniformément Tespace & » dimensions éland coniigus par des faces eabidrcoan 1
dimensions ef tels gu'un domaine guelcongque limilé (C'ed-d-dire @ diamélre limié)
ait des points communs sewlemend aves un womlre limil de ces (€fraddres, clorsle
condition adesseaire et svffisente pour o ancume sphivecircomseri'e i ux tol tétroddre
ne contisnne aans son intéricur aucun scmmet d ancun de ces elvacdres esi qué cile
ait liew powr chague paire de dewr de ces fitratdres conbigus par wne face & »—1
dimensions, cest-de-dive que dams chagus telle pairs le somme! d'un de ces - ® ®
tragdres ne scit pas intériewr a lo sphere circonserite & Vautre, ef récipruguemend,

Il est évident que cela est néecssaire, Mais c2la est aussi suffisant. En offet,
stit 7, on de ces tétraddres, et 4 un sommet d’un quelconque de ces tétrasdres.
Soit B un peirt intériewr de 7). Sile segment de drvite AB, en passast d'ma
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Soit donné un systéme quelconque de points dans I’espace i n dimensions.
T —

SUK LA SPHERE VIDE
A LA xéwome pe Gecrers Vosoxol
Par L. DELAUNAY
| Presemté par | Vaegradev, wembre de 1" cadémie)
Scit donné un systéme quelconque de points dans Pespace 3 » dimeaslons.
Je me propose de considérer une sphire se mouvant enire lee yoints de ce systdme
s¢ rétrécissant 2t s» diatant & volouté et assnjettie 4 la seule condition d'dtre
«videw, c’¢st-a~dire de ne pas contenir dans son iutérieur des points de ce systéme.
Yest la eméthode de la sphére videx que j’ai proposé peur |a premidre fo's dans
une comnunication faite an Congrés de Taronto.
J¢ mentre dans ce qui suit que le stheoréme fondamental», qui est content

dans le grand mémoire de Voranaf sar les formes quadratijues inseréd dams les
tomes 134 et 135 du Joarnal de Crelle, est une corséquence presque immédiate
d’un lemme tout & fait général. Jo pense que la dimonstration plus simple du
théoréme fondamental ce Voromoi, que Je propose, ccniribuerat i répandre

parmi les gécmbtres les resultats excessivement importaots obtenus par Voronoi
dans le mémoire mantisrmé du Jourral de Crelle, qni était son dernier o2nvre.
§ 1. Lamme général. Soient T des tétragdres towt a fais arbitraires i partogent

uniformément Tespace & » dimensions éland condigus par des faces eadidyrcoan 1
dimensions et tels gw'un domaine guelcongque limilé (¢'ed-d-dire a diaméire Limilé)
ait des points communs sewlemend aves un romire limils de ces (éfraddres, clorsle
condition ndesseaire et svfisente pour o avcume sphivecircomseri'e i ux tol tétroddre
ne contisnne aans son intéricur aucun scmmet d ancun de ces 1elvabdres é8t qué cle
ait liew powr chague paire de dewr de ces fitratdres conbigus par wne face & »—1
dimensions, cest-de-dive que dams chagus telle pairs le somme! d'un de ces -

traédres ne scit pas intériewr a lo sphere circonserite @ Vaulre, ef récipriguemend.

Il est évident que cela est néecssaire, Mais c2la est aussi suffisant. En eoffet,
stit 7, nn de ces tétrabdres, et 4 un sommet d’un quelconqne de ces tétraédres.
Soit B un peirt intérienr de 7). Sile segment de d-vite AB, en passast d'wa
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Delaunay triangulation maximizes minimum angle [Sibson 1978]
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Delaunay triangulation maximizes minimum angle [Sibson 1978]
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Delaunay triangulation maximizes minimum angle [Sibson 1978]

Computational Geometry
Lecture Notes HS 2013

Bernd Gartner <gaertnerQinf.ethz.ch>
Michael Hoffmann <hoffmann®@inf .ethz.ch>

Definition 6.8 A triangulation of a finite point sei P C R? 1s called o Delaunay triangu-
lation, 2f the circumecircle of every triangle @s empty, that is, there 1s no point from
P in its interzor.
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Delaunay triangulation maximizes minimum angle [Sibson 1978]
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Definition 6.8 A triangulation of a finite point sei P C R? 1s called o Delaunay triangu-
lation, 2f the circumcircle of every triangle @s empty, that is, there 1s no point from
P in its interzor.
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Delaunay triangulation maximizes minimum angle [Sibson 1978]

Computational Geometry
Lecture Notes HS 2013 PN B S
3 3 - f . e
Bernd Gartner <gaertnerQinf.ethz.ch> \ NN ’/
Michael Hoffmann <hoffmann@inf .ethz.ch> f;’ GERNT
.

Definition 6.8 A triangulation of a finite point sei P C R? 1s called o Delaunay triangu-
lation, 2f the circumcircle of every triangle @s empty, that is, there 1s no point from

P in its interzor.

Theorem 6.18 Let P C R? be a finite set of points in general position (not all coliinear
and no four cocircular). Let D* be the unigue Delaunay triangulation of P, and let

T be any triangulation of P. Then A(T) < A(D*).
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Delaunay triangulation maximizes minimum angle [Sibson 1978]

Computational Geometry
Lecture Notes HS 2013
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e L/ - b SVad
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Michael Hoffmann <hoffmann@inf .ethz.ch> RN ,‘('* Ny
Definition 6.8 A triangulation of a finite point sei P C R? 1s called o Delaunay triangu- —
lation, 2f the circumcircle of every triangle @s empty, that is, there 1s no point from
P in its interzor.
Theorem 6.18 Let P C R? be a finite set of points in general position (not all coliinear
and no four cocircular). Let D* be the unique Delaunay triangulation of P, and let
T be any triangulation of P. Then A(T) < A(D*). J—
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(a) Four cocircular peints and the
induced eight angles.
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Delaunay triangulation maximizes minimum angle [Sibson 1978]

Computational Geometry
Lecture Notes HS 2013
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Michael Hoffmann <hoffmann@inf .ethz.ch> j’ NN
Definition 6.8 A triangulation of a finite point sei P C R? 1s called o Delaunay triangu- —
lation, 2f the circumcircle of every triangle @s empty, that is, there 1s no point from
P in its interzor.
Theorem 6.18 Let P C R? be a finite set of points in general position (not all coliinear
and no four cocircular). Let D* be the unigue Delaunay triangulation of P, and let
T be any triangulation of P. Then A(T) < A(D*). — - T T
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(a) Four cocircular points and the (b) The situation before a flip.
induced eight angles.
T L — — T — ——
Jan 26 2021 | Sandor P. Fekete | Point Triangulations | Computational Geometry 2020/21

2" "Q:; Technische

oy
"’ﬁ%f Universitit

Uoa.
o5

K3

o i

& Braunschweig
20

"'\‘3 cd




Delaunay triangulation maximizes minimum angle [Sibson 1978]

Locally equiangular triangulations
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(a) Four cocircular peints and the
induced eight anglea.
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(b) The situation before a flip.
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Minimizing maximum angle [Edelsbrunner, Tan, Waupotitsch 1992]

AN Ofp?logr) TIME ALGORITHM FOR THE
MINMAN ANGLE THIANGULATLIUN T

HERBERT FDELSHRUNNER!, T2OW SENG TAN! anD ROMAN WAUPOTTTSCH

Albstypet, Ve show that s tooaoguinbion of m set of o poante w the plaoe That mis viees the

weaEnum angx can be computed im tines O 2% log n) and space Of 3), The adgorithan ie Mairly cnsy
o lw plesne e and & hased am the sdgee meorthon scbeme thar Trerathoely Improees ar aebidorary bnorinl
triangu It om, It cam be oxtended ta the case where odges sws sesseribied, wnd, wighin ths cune
twe mnl spocebounds ) v leanographaally nsuimaes the s ol wrge voobon of the poud set o
n gemwrnl poction, BEapermamtdl read i« or the offciency of tw agorst i and the qaality of the
ooy Dot oms obtainod as wnduded,

Koy wouds, Commputativns oty two dimsusean, G angalaiiors, nsansas amgle o1 teraon,
weoraine impeemend ecgeamesT e

AMSI MON) cinbpert classieatiane 8 B ARy
Appear e SLAM T Screddafie £ Sleiata o Compnlarg, 13 (4] CO4-1008 {92!

1. Introduction. Lot S bo a finite =et of ponts in the Euchidoan plare, A
triengulation of S is a moximally ccanccted straight Line plene groph whose vertices
are Lac paats of N, By maamality, eact fee 15 a Lnanghke exeopt for the extersor
face which 15 the comglement of Lhe comvex aull ol & Qecasionally, we wall call &
trionguloticn of o finite point st n gencral treangulation in oeder to distinguish it
from a consiraincd treangufation whach 12 o trmagulotcn of a lmite paaat st whcee
soms coges nre presesibed. A specsnl cagse ol o constraaned Lriangulalion 1 Lae o
calkd palygon freangdation where & 1: the st of vertice: ol a simple polygon amx
the coges of tac polyzon nre presembed. In this paper only the tnnngles rasede the
palvgon w.ll be of it oreet,

For e given sct of n points there are, in general, sxponcatialy muay triongulotons
Among them one can choos: those that satasly eortmin requiremonts or oplim se eer
tain obpoctive Banctions, Diltzrect propertacs are deairnble for chHerent applycaticns n
arcas such as himte dement annly=is [1. 8, &), compulational geometry [21], anc zur
foce spproximntion |12, 18], The following are scme mapoetont types of triongulations
that aptumze certeam objectave fumctons,

11) The Dodavnay (noagelolion hes the property that the crcemcirck of any

triongle des mot enclose any vertex b

(1) The cons!raiacd Delasmay tnomgubateion hes the same property except that
visibihiv constrants dependmw g on the enforoed edges are wtroduced [ 115,

(111) The memmum werphd treong:dation minimuzes the tolal dge kngth over all

possible toangulat ons of the same set of poaots and preson bed edges |1, 17

It as known that the Delsvnny triangulation maxiwiess the winimem angle over all

trimngulaticns of the same noint set (29 This result can be exterdesd to s similar

staternt about the socled amgle voctor of the Delawsay Lriamealation [0] and tw

the coustranal cass (L), The Deleunay tiamulation of n poicts w the plane ca

be ccmstructed in bme Daloge) 619 and even o same edzes are prescrioed s

* Hesonevh of the fied aathor won sapgorted by tse Natioened Scicnee Fousdation under grants
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Inboernntl on Sastems md Computer Saence Natioond U avesit pad Singap s, depubls ol Simgapore
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Minimizing maximum angle [Edelsbrunner, Tan, Waupotitsch 1992]

AN Ofp?logr) TIME ALGORITHM FOR THE
MINMAN ANGLE THIANGULATLIUN T

HERBERT FDEISHRUNNERY, OW SENG TAN' AxD ROMAN WAUPOTTTSCH

Abstyaet. Oe show that s tooaoaguintion of m sel of o peate w the plase “ha! mie viees the

weaEnum angx can be commputed im tinee O3 log n) and space Of 2), The adaorithan ie Tairly «nsy
o lw plesne e and & hased am the sdgee meorthon scbeme thar Trerathoely Improees ar aebidorary bnorinl

triangu vt om, It cam be oxtended ta the case where odges aws sesscribied, wnd, wighin ths cune
Gee m i ) o S ) o i .

AN O(n?logn) TIME ALGORITHM FOR THE
MINMAX ANGLE TRIANGULATION ~

HERBERT EDELSBRUNNER!, TIOW SENG TAN! AND ROMAN WAUPOTITSCH'

Abstract. We show that a triangulation of a set of n points in the plane that minimizes the
maximum angle can be computed in time O{n° logn) and space O(n). The algorithm is fairly easy
to implement and is based on the edge-insertion scheme that iteratively improves an arbitrary initial
triangulation. It can be extended (o Lhe case where edges are prescribed, and, within the same
time- and space-bounds, it can lexicographically minimize the sorted angle vector if the point set is
in general position. Experimental results on the cfficiency of the algorithm and the quality of the
triangulations obtained are included.

trimmgulaticns of the same coint set (2% This result can be exterdsd to a similar
stateirnt about the socled amgle vector of e Delawsay Lriamgulation [6] and o
the coustranal cass (L), The Deleunay tiamulation of n poicts w the plane cu
be ccmstructed in bme DM aloge) 6,19 and even o same edzes are presonioed s
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3 Minimum-weight triangulations
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COMPUTERS AND INTRACTABILITY
A Guide to the Theory of NP-Completeness

Michael R. Garey / David S. Johnson
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COMPUTERS AND INTRACTABILITY
A Guide to the Theory of NP-Completeness

Michael R. Garey / David S. Johnson

[OPEN12] MINIMUM LENGTH TRIANGULATION

INSTANCE: Collection C={{(a,,b):1<i<n} of pairs of integers, giving the coor-
dinates of n points in the plane, and a positive integer B.

QUESTION: Is there a triangulation of the set of points represented by C that has
total “‘discrete-Euclidean’ length B or less? Here a (riangulation is a collection of
non-intersecting line segments, each joining two points in C, that divides the interi-
or of the convex hull into triangular regions. The discrete-Euclidean length of a
line segment joining (a;,6,} and (g,,b,) is given by {({a,— a)?+ (b, — b)?}*], and
the total length of a triangulation is the sum of the lengths of its constituent line
segments.

Comment: The analogous problem for the rectilinear metric is a'so open. [Llovd,
1977] presents counterexamples to a number of conjectured polynomial time algo-

rithms for the problem and proves that the related CONSTR AINED TRIANGULA-
TION problem is NP-complete.
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MWT is NP-hard [Mulzer and Rote, 2008]
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MWT is NP-hard [Mulzer and Rote, 2008]

Minimum-Weight Triargulation is NP-hard

WOLFSANG MU LZER
Prrceton Universty
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Freie Universitit Bedlin

Atrangulation of o panas padnt set & b arsax ol plass stralght heo graph sah sorter set &, (&
e innamexoph b angulann (MWT) pecblon, voam ockiog for o toangubston of & gve
pokg ret that minimas the sum of the edee lozihs. We povse chas the decisdoa version of tile
probise b NEGhoard veing @ rvhctarn Paw FLANAR LINCESAT The coret wora ng of 1he

rodgcts b estaldivhed itk compaier nmivance, wing dymoes ¢ programmirg on >ilygoacl feom
s well o the Ssbodesar beurstie o recid’y that cerudy edges bedong wo the miElnum-scighn
tr angulstion

Camguries aond Suljoc. Deecriptons 2.2 INomumesical Algoriiis awd Probleme]. Gor
matricy protfers and conpanal ax G.2.2 [Geath Theory|: Geaoh alporithes

Caneral Termse Algeaithxs, oy
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Givin o =t 5 of poimca in the Buclidaan plaas, o treananlcizor ) of § & 4 maximal
plano steagght-ling graah with vortex set §. “he wveigkt of 7' 1 dofned az the total
Euclidean Jemgrh of all ecges in T A triungulation tt schieves the mnimem
wagld & llal a ssiiviov-eeiaid semgslaaon IMNWT) of S,

The proalem of computing a triaaguletioe for a gives planar point set arises nas-
wrally i meay applications auch s sk cuttivg, fnte st aralyss, ferrein
modrarg, ond mueonml appreciatics. The menurem woeeght cmoangulotion hoo
attracted the attention of cxmy rescarchers, mainly due £ 18 nataral defisition of
npﬁ-u‘".,- amel ml o e bewsoaer 1wl e e x o etamt fiw e il np-
plications, We show that ccaputlug o miciouwsweghs tiaugulason ls NP<lhaid,
Nete saot 4 s ot krown whetber the NNWT peobloan & in NP, Hocouse it is an eocen
prolden whethar sams of mcicsls (amndy. Eaclidxan distance) s ba compard
In povncamial thoe [ERimcr 1991). This prodlom 's common 1o MALY geomatrc
optimizarion problems, Hoy, porhaps most fwrans'y, the FuelSesn Traveling Sales-
proson Protlem. To get o variact of the preblem that s i NP one can tabe the
wright of an ecge ¢ as the ~ourded vadae |lels|. Uwr procf also shoes that this
varsnt iz M P-compbae,

Crar procf 233 & palyromial time meductics frem POSITIVE PLANAR FIN-3-
SAT, a varian: of the mel-knson PLANAR 3-SAT probeem, walen Is & standard
tool for shenring NPonnines of peometris probhec

1.0 Cptemal  rarge 3t0es

Usually. a planar poion 30 e (aaponsenially ] meny difesen triaagekations, axd
mumy apy dicalioes ol e Grsmgalat o withorstain yonl progeetio (me Sigum 1)

Optienad trdangaladions wader verioes optinadity critera wers extensvely susveynd
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MWT is NP-hard [Mulzer and Rote, 2008]
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MWT is NP-hard [Mulzer and Rote, 2008]
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MWT is NP-hard [Mulzer and Rote, 2008]
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Fig. 5. A rectilinear embecding of graph that is asscciated with the Doolear formulea
() Vo Vog) A (e Ve Vag) A (e Voo V).
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MWT is NP-hard [Mulzer and Rote, 2008]
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Fig. 5. A rectilinear embecding of graph that is asscciated with the Doolear formulea

() Vo Vog) A (e Ve Vag) A (e Voo V).

MWT is NP-hard [Mulzer and Rote, 2008]

e

Fig. 19. Schematic view of the clause gadget. "|he dashed parts of the wires are long enough bor
sufficeatly many repivs of the winspiece and the sxtende] wire-sime to ersore that the wire ran
reach from tha lowest < connection to the eft & comnection of & (Lemma 6.1).
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MWT is NP-hard [Mulzer and Rote, 2008]
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MWT is NP-hard [Mulzer and Rote, 2008]

LL: 144.135073832 ’

A~ LL: 455471523435

AN LR: 466 990265006
A/} RL: 444 283180745

/ \<_<7 RR: 455471523435

Fig. 17. Optimal solutions for all cases for the wire-piece and the extended wire-picce
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MWT is NP-hard [Mulzer and Rote, 2008]

LL: 144.135073832

A/} RL: 444 283180745

9

Fig. 17. Optimal solutions for all cases for the wire-piece and the extended wire-picce

internal cost ¢

reduced internal cost ¢

relative reduced cost €

pattern | multiplicity
LL 1
LR 2
Rl 1
RR 1

455.471523 435
466.990 265 006
444283 180 745
455.471 523 1335

455.471 523 435
405,679 921 006
135.593 524 745
435.171 523435

0.000000 000
0.208 397 570
0.122001 310
0.000 000D DO

Table 111
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MWT is NP-hard [Mulzer and Rote, 2008]

\

: é} RL: 444 283180745
VA A

LL: 144.135073832 AV, ~} LL: 455.471523435
L / |
% LR: 155.655929495 ~/ LR: 466.990265006
R

A

e

-
(}@ RL: 132950328078
\, \<_<] RR: 455.471523435

\ RR: 144.135078832
/."'\ \"‘/

Fig. 17. Optimal solutions for all cases for the wire-piece and the extended wire-picce

T —

pattern | multiplicity | internal cost ¢ | reduced internal cost € | relative reduced cost ¢
LL 1 455.471523 435 455.471 523435 0.000 000000
LR 2 406.990 265 006 435.679 921 006 0.208 397 570
Rl 1 A41.283 180 745 4535.593 524 745 0.122001 310
RR 1 455.471 523 133 435.471 523435 0.000 00D OO

Table 1. Analysis of the extended wire-picce

e LEMMA 6.1. Consider two small vertical terminal triangles at the same height

with a horizontal distance d > 230000 that is a multiple of 0.01. Then the two

triangles can be connected by a sequence of wire-pieces and extended wire-pieces.
An analogous statement holds for vertical connections.

PRrOOF. If the distance between two terminal triangles is d = 0.01 - z for some
integer z > 3 - 2740 - 2739 = 22514 580, they can be connected by concatenating
y := z mod 2740 extended wire-pieces with |z/2740| — 3y wire-pieces. []
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MWT is NP-hard [Mulzer and Rote, 2008]
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MWT is NP-hard [Mulzer and Rote, 2008]

wire-piece extended wire-piece | thickening adapter thinning adapter
LL | 0000000000 | 0000000 000 D000051402 = = | 0000 DOO 000
LR | 0.210606 663 | 0.208 397 570 0.018 837246 0.018 887 246
RL | 0.125593 246 | 0.122001 310 0.014 627 220 0.024 627 250
RR | 0.000000 000 | 0.000 000000 0.000 0200C0 0.000051402... =5y

o connection | left bend right bend thizk left bend

LL | 0.000 000000 | 0.0C0000000 | 0.000000000 0.000 000000
LR | 0.044 001701 | 0086460895 | 0.210 506 653 | 0.891 261046
RL | 0.020571757 | 0.125593 246 | 0.125593246| 0.020571757
RR | 0.000000000 | 0.0C0000000 | 0.000000000| 0.000 000000

Table IV, The relative reduced costs ¢ for the pieces with two terminale

(o relative reduced cost o

~ ~
LLI L\\} COUSBEL DT ... = & R%/—/R RRr

I,O | il e r
l

R NN
LRI L\\\ ﬁr-/ 0.020994 716 \} M L
\
. v
LRr L\\ ,-/R 0026135215 - ,-/R LRI
=/
R L
RL! L\ /;" 0.020571 757 Ri:? RLrx
RLr R;L 0.020573 332 Rgv?“ RLI
RRI Q/ﬁ“/ 0.000000 000 = 0 ;\{?“ LLr
R/~ R L ~7 L i
RREr 0.004650878... =82 1 LLI1
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MWT is NP-hard [Mulzer and Rote, 2008]

wire-piece extended wire-piece | thickening adapter thinning adapter

LL

LR
RL
RR

0 000 DON KO0
0.210606 663
0.125 593 246
0.000 D00 000

0000 000 000
0.208 397 570
0.122001 310
0.000 000 000

0.000 051 402
0.018 837246
0.014 627220
0.000 0200C0

=£

0.000 DO0 000
0.018887 246
0.024 627 250

0.000051 402 . ..

5

o connection

left bend

right bend

thizk left bend

LL
LR
RL
RR

0.000 000 000
0.044 001 701
0.020 571 757
0.000 000 000

0.0C0 000 000
0.086 460 895
0.125 593 246
0.000 000 000

0.000 000 000
0.210 506 653
0.125 5935 246
0.000 000 000

0.000 000 000
0.891 261046
0.020 571757
0_000 000 000

Table IV, The relative reduced costs ¢ for the pieces with two terminale

Cl

R~ R
> >
1
N

<% ’
= LRI
"%

N o~ L. . )
\} L..Jl' -

- Fig. 10. Schematic view of the clouze gndget. The dashed parts of the wires are long cnough for
LLI sufficiently many cepies of the wire-picoe and the extended wire-pivce to ensure that the wire can
reach trom the lowest ' connecticn to the left LY connaction of & (Lemma 6.1).

*

C relative reduced cost
L\\\/}
L l jf'/R
L\\ ’/R
R L\/}

=

e

J"‘N“.‘(I’

-

LLI COUSBELOTE ... = &

LLr 0.000001575...=¢2

441

0.029994 716

LRr 0026155215

RL! 0.020571 757

RLr 0.020573 332

RRI

C.000000000 = 0

RRr 0.004630878... =82

R

G% 3% Technische o 26 2021
an

| Sandor P. Fekete | Point Triangulations | Computational Geometry 2020/21

‘}’! S% Universitat
% Braunschweig

ﬂ;c\)

33



MWT is practically solvable to optimality [Haas, 2018]
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MWT is practically solvable to optimality [Haas, 2018]

Solving Large-Scale Minimum-Weight
Triangulation Instances to Provaeble Optimality
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MWT is practically solvable to optimality [Haas, 2018]

e L. A Pl _AA.. . ____\AM.°. La

more efficient geometric encodings and data structures. As a result, we are able to solve MWT
instances with up to 30,000,000 uniformly distributed points in less than 4 minutes to provable
optimality. Moreover, we can compute optimal solutions for a vast array of other benchmark
instances that are not uniformly distributed, including normally distributed instances (up to
30,000,000 points), all point sets in the TSPLIB (up to 85,900 points), and VLSI instances with
up to 744,710 points. This demonstrates that from a practical point of view, MW'T instances
can be handled quite well, despite their theoretical difficulty.
T —— 7

T pudating o st of poiete in (he phuse s o elumie poobider in com vl icrm u' ey given
& paear poat set 5, fud 2 maodsal et of so crosdsg Eoo mgrooats iag lb pocrks
n J. Tomgedetivas bave sy ronsmeh] applostias. fue cunsple B wxeda wadelzy,
Al vhemoan nnr pereration nad vl-ullmuln 1 pmeral, » potot wt l s oguornialy

|"NI trianguiv ione and 2 vl wral creson b By ade Ve 2 triasguiat b Bhat i
optin u! wpaot L0 sty opt x:ul ty eritonces Well lonn and comssealy weod i the
Dl asar brisng dviion, “ o Cption s wal eriterin b the s e time B mosiosess the

ik b oo e and mdaintes 2oh e mml mm cirenmerek sod che s mem 2l
encioaing hrie of all trianghs. Anceher daum oouinaly arasrba and the e we are
ur-'i'uiq i this sapar v minimising Dye Labad woight of the rovul) iegg trimgrs ot icn

The wi i woight ticngilation BIVTY) & lioted as snn o e open pechlon in the
faa ;.sbu.i = 1770 oy Qasey an Jiduses os NPavaglstaese 100 The coapderiiy
Aty nane lmd s for 27 vear ussl] Moulaer ane fuae H frally yovelvd L g tion

!lml\t}ullmii YWT peblen

[adegendoatly, Cilbut [LL] u‘ Klzosk [17] stowed that, when sonisieting t % dxph
pelygora, the MWT problm am be salind in Ofn® -time witk dracrsic progrumming. The
dyeast propmmisiia sexesech o bepmnssadiond o pelyzess w s k koo pokie. Helliaas
ard Ocunodo [1€) showec how W otealn te JIWT of suca o polx set in 006 " bog nhaime,
< betr algorthx w basad cn A paiygoa xrpun A qlr-,o!m;utu( anton
et ol [13] imgwovedd the ddgmithim to (h N and shiwad anoiher desompoaiion etre |‘
beocd an extting cut tromgdes (13 whch rum in () “.t, ine

beevaesi u‘ﬂ. e e Cimmseme L snse LAY

A8 Sprpdem (g o e Cnat ,.u-: NaK
Eebnmen Doy dne Spe e woe Con'me duiie Na gy BT
Letmba idu JlIY ey I Inbemalbon
- R ’-J- »Se wor Fie Dilomnn b, Dt o M) B by, Tannminn

T —
~F

‘0'3'3 ‘1- Technische - —— : :
Jan 26 2021 | Sandor P. Fekete | Point Triangulations | Computational Geometry 2020/21

U"fx 0% Universitat
#&  Braunschweig

f\xc\)

34



MWT is practically solvable to optimality [Haas, 2018]

Solving Large-Scale Minimum-Weight
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MWT is practically solvable to optimality [Haas, 2018]

3.1 Diamond property

Solving Large-Scale Minimum-Weight
Triangulation Instances to Provaeble Optimality
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Solving Large-Scale Minimum-Weight
Triangulation Instances to Provaeble Optimality
Aralrvas Haan'
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MWT is practically solvable to optimality [Haas, 2018]
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4 Min-max triangulations
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Minimizing maximum angle [Edelsbrunner, Tan 1993]
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Minimizing maximum angle [Edelsbrunner, Tan 1993]

STAM Journal on Computing. 22 (3), 527-5351, (1993)
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Minimizing maximum angle [Edelsbrunner, Tan 1993]

STAM Journal on Computing, 22 (3), 527-551, (1993) ‘

A QUADRATIC TIME ALGORITHM FOR THE
MINMAX LENGTH TRIANGULATION

IIERBERT EDELSBRUNNER* AND TIOW SENG TANT

Abstract., We show that a triangulation of a set of n points in the plane that minimizes
the maximum edge length can be computed in time O(n?). The algorithm is reasonably casy to
implement and is based on the theorem that there is a triangulation with minmax edge length that
contains the relative neighborhood graph of the points as a subgraph. With minor modifications the
algorithm works for arbitrary normed metrics.

Key words. Computational gecometry, point sets, triangulations, two dimensions, minmax edge

length, normed metrics i
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5 Max-min triangulations
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A Long-Standing Open Problem
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A Long-Standing Open Problem

STAM Journal on Computing. 22 (3), 527-551, (1993)
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A Long-Standing Open Problem

STAM Journal on Computing, 22 (3), 527-5351, (1993)

A QUADRATIC TIME ALGORITHM FOR THE
MINMAX LENGTH TRIANGULATION

IERBERT EDELSBRUNNER* AND TIOW SENG TANT

Abstract, We show that a triangulation of a set of n points in the plane that minimizes

o . " R , . .
the maximum edge length can be computed in time O(n°). The algorithm is reasonably casy to
implement and is based on the theorem that there is a triangulation with minmax edge length that

contains the relative neighborhood graph of the points as a subgraph. With minor modifications the

algorithm works for arbitrary normed metrics.

Key words. Computational geometry, point sets, triangulations, two dimensions, minmax edge

length, normed metrics
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contains the relative neighborhood graph of the points as a subgraph. With minor modifications the
algorithm works for arbitrary normed metrics.

Key words. Computational geometry, point sets, triangulations, two dimensions, minmax edge
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length, normed metrics |
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The results of this paper are an out-growth of our general efforts to understand
triangulations that optimize length criteria. There are, however, still many related
problems whose complexities remain open. These include the problem of minimizing ¢

Lhe entire veclor of edge-lengths. the mimimum lenglh triangulation problem, and Lhe
maxmin length triangulation problem.
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COMPUTING MAXMIN EDGE LENGTH TRIANGULATIONS®

Sdndor P. Fekete,! Winfried Hellmann,! Michael Hemmer,! Arne Schmidt,!
and Julian Troegel !

ABSTRACT. In 1991, Edelsbrunner and Tan gave an O(n?) algorithm for finding the MinMax
Edge Length Triangulation of a get of points in the plane, but stated the complexity of finding
a MaxMin Edge Length Triangulation (MELT) as a natural open problem. We resolve this
long-standing problem by showing that computing a MELT is NP-complete. Moreover, we
prove that (unless P=NP), there is no polynomial-time approximation algorithm that can
approximate MELT within any polynomial factor,

While this may be taken as conclusive evidence from a theoretical point of view that
the problem is hopelessly intractable, it still makes sense to consider powerful optimization
methods, such as integer programming (IP), in order to obtain provably optimal solutions
for intances of non-trivial size. A straightforward IP based on pairwise disjointness of the
O(n?) segments between the n points has ©(n') constraints, making this IP hopelessly
intractable from a practical point of view, even for relatively small n. The main algorithm
engineering twist of this paper is to demonstrate how the combination of geometric insights
with refined methods of combinatorial optimization can still help to put together an exact
method capable of computing optimal MELT solutions for planar point sets up to n = 200.
Our key idea is to exploit specific geometric properties in combination with more compact
IP formulations, such that we are able to drastically reduce the number of constraints, On
the practical side, we combine two of the most powerful software packages for the individual
components: CGAL for carrying out the geometric computations, and CPLEX for solving
the IPs. In addition, we discuss specific analytic aspects of the speedup for random point
sets,

1 Introduction

Triangulating a set of points is one of the basic problems of Computational Geometry: given
aset P of n points in the plane, connect them by a maximal set of non-crossing line segments.
This implies that all bounded faces of the resulting planar arrangement are triangles, while
the exterior face is the complement of the convex hull of P.

Triangulations are computed and used in a large variety of contexts, e.g., in mesh
generation, but also as a stepping stone for other tasks. While it is not hard to compute
some triangulation, most of these tasks require triangulations with special properties that

*A preliminary extended abstract appears in the Proccedings of ALENEX 2015 [16].
"Department of Computer Science, TU Braunschweig, 38106 Braunschweig, Germany. {s.fekete,
w.hellmann, m.hemmer, arne.schmidt, j.troegel }Gitu-bs.de.
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5.1: Complexity
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An Open Problem Resolved
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An Open Problem Resolved

THEOREM 3.1. It i:s NP-hard to decide whether a set P
of n points in the plane has a triangulation with smallest

edge of length at least L, for some positive number L.
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An Auxiliary Problem
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An Auxiliary Problem

COVERING BY DISJOINT SECMENTS
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An Auxiliary Problem

COVERING BY DISJOINT SECMENTS
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An Auxiliary Problem

COVERING BY DISJOINT SECMENTS

Given: A specified set S of line segments ( “stab-

bers”) in the Euclidean plane, and a subset T of their
intersection points (“targets”).

Wanted: A non-intersecting subset of the stabbers

‘ that covers all targets.
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An Auxiliary Problem

COVERING BY DISJOINT SEGMENTS

Given: A specified set S of line segments ( “stab-
bers”) in the Euclidean plane, and a subset T of their
intersection points (“targets”).

Wanted: A non-intersecting subset of the stabbers
that covers all targets.
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Proof of NP-Hardness
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Proof of NP-Hardness

Idea: Use reduction from Planar 3SAT
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Proof of NP-Hardness

Idea: Use reduction from Planar 3SAT

(1 Vo VT3) A (T2 Vo3 VTg) A (T Vo Vxy)
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Proof of NP-Hardness

Idea: Use reduction from Planar 3SAT
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Proof of NP-Hardness

Component 1: Variables
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Component 1: Variables
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Proof of NP-Hardness

Component 2: Clauses
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Component 2: Clauses
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Proof of NP-Hardness

Overall:
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Proof of NP-Hardness
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Proof of NP-Hardness

Overall:
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NP-Hardness of MaxMin Triangulations
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NP-Hardness of MaxMin Triangulations

Idea: Replace points to be covered by point pairs to be separated.
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NP-Hardness of MaxMin Triangulations

Idea: Replace points to be covered by point pairs to be separated.
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NP-Hardness of MaxMin Triangulations

Idea: Replace points to be covered by point pairs to be separated.
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NP-Hardness of MaxMin Triangulations
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NP-Hardness of MaxMin Triangulations
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NP-Hardness of MaxMin Triangulations
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LEMMA 3.3. Let P be a set of points in the plane, and
let p;, p; € P. A triangulation A contains the edge p;p;,
iff there is no edge in A that scparates pip;.
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NP-Hardness of MaxMin Triangulations
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NP-Hardness of MaxMin Triangulations

/ \_

L\‘-
'\l.
\L
\L
\‘.
L\l-
\\ ."/ i g

\u /"'v/ '._. ‘

. P
<

- esm ’
C9 L3
N /7

MNiLay

£

£ Universitit

L % Technische - —— : :
% Jan 26 2021 | Sandor P. Fekete | Point Triangulations | Computational Geometry 2020/21
“%s Braunschweig

5

(’K"cﬂ

49



NP-Hardness of MaxMin Triangulations
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COROLLARY 3.4. Let p(x) be some polynomial. Then
the existence of a polynomial-time algorithm that yrelds
a p(n)-approximation for MELT implies P=NP.
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5.2: IP Models
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Overall Goals
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Overall Goals

% Solve non-trivial instances to provable optimality!
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Overall Goals

% Solve non-trivial instances to provable optimality!
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Overall Goals

% Solve non-trivial instances to provable optimality!

1. Model as Integer Linear Program (IP)
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Overall Goals

% Solve non-trivial instances to provable optimality!

1. Model as Integer Linear Program (IP)
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Overall Goals

% Solve non-trivial instances to provable optimality!

1. Model as Integer Linear Program (IP)

£

¢ . Turn geometry into IP-formulation
. . Solve IP
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Overall Goals

% Solve non-trivial instances to provable optimality!

1. Model as Integer Linear Program (IP)

£

¢ . Turn geometry into IP-formulation

. Solve IP
. 7. Consider solution, reformulate IP for better solution
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Overall Goals

% Solve non-trivial instances to provable optimality!

1. Model as Integer Linear Program (IP)
2. lterate:
2.1. Turn geometry into IP-formulation
2.2. Solve IP

2.3. Consider solution, reformulate IP for better solution
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Overall Goals

% Solve non-trivial instances to provable optimality!

A.lterate 1.+2. for better results!
1. Model as Integer Linear Program (IP)
2. lterate:
2.1. Turn geometry into IP-formulation

2.2. Solve IP
2.3. Consider solution, reformulate IP for better solution
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Overall Goals

% Solve non-trivial instances to provable optimality!

A.lterate 1.+2. for better results!
1. Model as Integer Linear Program (IP)
2. lterate:
2.1. Turn geometry into IP-formulation

2.2. Solve IP
2.3. Consider solution, reformulate IP for better solution
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Triangulation by Independent Set
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by Independent Set
ﬂNTECER ProcraM 4.1, ‘

(4.1)
max 0
(402)
s.b.  &e,t e, < 1 V{ei, €51 € Xop
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(43) Y @, = 3m—-3-n, Ve, € Fy
e ek
. (4.4) =z < {0,1} Ve € Exy l
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Triangulation by Independent Set
ﬂNTECER ProcraM 4.1, ‘

(4.1)
max 0
(4.2)
s.b.  &e,t e, < 1 V{ei, €51 € Xop
(43) Y @, = 3m—-3-n, Ve, € Bxy,
e EK

Mm

“4'4) Ze {0,1} Ve € F,_,bA

THEOREM 4.2. We can solve MELT by finding a mazx-
wnuwm wndex b for which IP 4.1 is feasible.
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Triangulation by Independent Set
nxmcm PROGRAM 4.1, ‘

(4.1)
max 0
(4.2)
$.b. o, e, < 1 V{ei, €51 € Xop
(43) Y @, = 3m—-3-n, Ve, € Bxy,
e EH

Mm

L(‘M) Ze {0,1} Ve € F,_,bJ

THEOREM 4.2. We can solve MELT by finding a maz-
ernwmn wndex b for which 1P 4.1 is feasible.

Laszld Lovasz, Katalin Vesztergombi, Uli Wagner, and
Emao Welzl, Conver quadrilaterals and k-sets, Con-
temporary Mathematics Series, 312, AMS 2004, 2001,
pp. 139 148.
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Triangulation by Independent Set
ﬂNTECER ProcraM 4.1, ‘

(4.1)
max 0
(4.2)
s.b.  &e,t e, < 1 V{ei, €51 € Xop
(43) Y @, = 3m—-3-n, Ve, € Bxy,
e EK

. (4.4) =z, < {0,1} Ve € Exy l

THEOREM 4.2. We can solve MELT by finding a mazx-
wnuwm wndex b for which IP 4.1 is feasible.

Laszld Lovasz, Katalin Vesztergombi, Uli Wagner, and
Emao Welzl, Conver quadrilaterals and k-sets, Con-
temporary Mathematics Series, 312, AMS 2004, 2001,
pp. 139 1418.
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Triangulation by Independent Set
ﬂmmm PROCRAM 4.1. ‘

(4.1)
max 0
(4.2)
s.b.  &e,t e, < 1 V{ei, €51 € Xop
(43) Y @, = 3m—-3-n, Ve, € Bxy,
e EK

. (4.4) Te = {01} V(‘:&E;_;b l

THEOREM 4.2. We can solve MELT by finding a mazx-
wnuwm wndex b for which IP 4.1 is feasible.

Laszld Lovasz, Katalin Vesztergombi, Uli Wagner, and
Emao Welzl, Conver quadrilaterals and k-sets, Con-
temporary Mathematics Series, 312, AMS 2004, 2001,
pp. 139 1418.
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Best-case IP size: () (n4)
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Triangulation by Hitting Set

JEMMA 3.3. Let P be a set of points in the plane, and
‘et pi, p; € P. A triangulation A contains the edge p;p;,
off there is no edge in A that separates pip;.
— R —————— —_—
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Triangulation by Hitting Set

JEMMA 3.3. Let P be a set of points in the plane, and
‘et pi, p; € P. A triangulation A contains the edge p;p;,
off there is no edge in A that separates pip;.
— R —————— —_—
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Triangulation by Hitting Set

JEMMA 3.3. Let P be a set of points in the plane, and
‘et pi, p; € P. A triangulation A contains the edge p;p;,
off there is no edge in A that separates pip;.

' INTEGER PROGRAM 4.3. |

(4.5)
max 0
(4.6)
st xe, + e, < 1 e e;} € X5y
(4.7) Yoo ome, 21 Ve; € Ep
e €E2  (e)
(4.8) 2, e {0,1} Ve; € B3,
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Triangulation by Hitting Set

JEMMA 3.3. Let P be a set of points in the plane, and
‘et pi, p; € P. A triangulation A contains the edge p;p;,
off there is no edge in A that separates pip;.

' INTEGER PROGRAM 4.3. |

(4.5)
max 0
(4.6)
8.l Ze, + T, < 1 Ve e} € X3,
(4'7) Z Teg, =2 1 V(!j e fep
e;&Eéb(eJ‘)
(4.8) =z, e {0,1} Ve; € E3,
\ THEOREM 4.4. We can solve MELT by finding a max-

denen vedue b for whach IP 4.3 s feasible.
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AT
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Triangulation by Hitting Set

JEMMA 3.3. Let P be a set of points in the plane, and
‘et pi, p; € P. A triangulation A contains the edge p;p;,

off there is no edge in A that separates pip;.

. INTEGER PROGRAM 4.3.

(4.5)
max 0O

\ THEOREM 4.4. We can solve MELT by finding a max-

denen vedue b for whach IP 4.3 s feasible.
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Triangulation by Hitting Set

JEMMA 3.3. Let P be a set of points in the plane, and
‘et pi, p; € P. A triangulation A contains the edge p;p;,

off there is no edge in A that separates p;p;.

— T ——— —

l INTEGER PROGRAM 4.5,
(4.9)

max ()

3 oz, > 1 Ve € Feq

l (4.12) =z, € {0,1} Ve; € I3, I

\ THEOREM 4.6. We can solve MELT by finding a max
imum index b for which IP J.5 is feasible.
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Finding the Critical Index

JEMMA 3.3. Let P be a set of points in the plane, and
‘et pi, p; € P. A triangulation A contains the edge p;p;,
off there is no edge in A that separates p;p;.
— R ———— —
. INTEGER PROGRAM 4.7. '
(4.13)
max b
(4.14)
st. x,ci+(l—=z. ) c > b Yi € [a,q]
(4.15)
ke-zet Y ke, < ke Ve € B3,
e.gef?éa(e)
(4.16) .+ >z > 1 Ve € Eju |
f.,&F.’.::,'(d]
(’1..[.7) Z :Uc; Z ]. \f(' & E{a
e €L, (e)
P . (4.18) .. e {0,1} We; € B, l
\ THEOREM 4.8. If we know that the critical index b €
la, ¢/, we can solve MELT by solving IP 4.7.
P e ——— e
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5.3: Experimental Results
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Looking at the Critical Index
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Looking at the Critical Index
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Upper Bounds in Comparison
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Figure 12: Average values for hull bound, non-separated edge bound, and optimal index for random instances.
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Checking Intersections: AABB Trees
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Checking Intersections: AABB Trees

Axis-aligned bounding box tree:
Data structure for speeding up intersection queries
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Checking Intersections: AABB Trees

Axis-aligned bounding box tree:
Data structure for speeding up intersection queries
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Using AABB Trees
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Figure 11: Average time for finding intersections in random instances.
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Comparing IP 4.3 and IP 4.5 (1)
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Comparing IP 4.3 and IP 4.5 (1)
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Figure 6: Average solution time of instances: solving time of the IPs.
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Comparing IP 4.3 and IP 4.5 (2)
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Comparing IP 4.3 and IP 4.5 (2)
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Figure 7: Aborted instances of the IPs, out of 100 instances.
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Putting it together
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Figure 9: Average time (for random 100 random instances for each size) of the program components.
Left bars: Normal approach, based on IP 4.7
Right bars: Doubling approach, with AABB-Tree and IP 4.7
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TSPLIB Instances
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TSPLIB Instances
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TSPLIB Instances (2)
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TSPLIB Instances (2)
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Figure 14: Comparison of TSPLIB instances with average times for random instances, using the doubling
approach. (Error bars indicate percentiles 25, 50, 75.)
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An Open Problem
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An Open Problem

Conjecture: The length of the longest non-separated edge for n
random points in a unit square grows with O(1/n)
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An Open Problem

Conjecture: The length of the longest non-separated edge for n
random points in a unit square grows with O(1/n)
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sets with up to 700 points, (Error bars indicate one standard deviation,)
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An Open Problem

Conjecture: The length of the longest non-separated edge for n
random points in a unit square grows with O(1/n)
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Mignre 13: Average indices (for 100 random instances for each size) of the non-separared adge bonnd b for random
sets with up to 700 points, (Error bars indicate one standard deviation,)

Consequence: Because the length of the shortest edge for
uniform randan? points in a unit square grows with , the same
@(1/w9)uld hold for the solution of MELT.
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Thank you!




Thank you for today!
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