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ABSTRACT

In the perspective of manipulating geometric objects, there exists two main representa-
tions of curves and surfaces: parametric and implicit representations. Both are useful for
different purposes and thus complement each other. Parametric representations are effi-
cient in sampling points on an object; implicit representations are efficient in determining
whether a point belongs to an object or not. Because of that, having both representations
of the same objects at the same time maximizes the range of operations one can do with
geometric objects. Switching from one representation to another is not an easy task. It
usually requires the use of algebraic properties. Thus, there is a strong link between al-
gebra and geometry, symbolised by the algebraic varieties: they are geometric objects
described by an algebraic structure.

This thesis explores new kinds of implicit representations and algorithms for computing
implicit representations. We show that different methods are adapted to different situ-
ations even when it comes to the choice of an implicit representation amongst several
possibilities. Space curves can thus be described implicitly by conical surfaces, moving
lines and/or moving quadrics...each description having different geometrical properties
and practical usage. As there is not one implicit representation or implicitization algorithm
that would be the best in any situation, we develop methods that fit to different kinds of in-
formations known about the object we want to represent. As we show, objects constructed
by sweeping a rigid body can be represented using the knowledge of that nature. Simi-
larly, very particular curves may have a complicated algebraic structure. Depending on
our tolerance to approximation, such curves can thus be perturbed to simplify greatly their
algebraic structure or, on the contrary, be represented by a rich implicit representation
format.

SUBJECT AREA: Algebraic Geometry

KEYWORDS: Algebraic varieties, Implicitization, CAGD-CAE, Resultants, Syzygies






NEPIAHWH

21NV TTPOOTITIKN] TOU XEIPIOKOU YEWUETPIKWY QVTIKEIMEVWYV, UTTAPYXOUV dUO KUPIEG avaTTa-
POOTACEIG KAPTTUAWY KAl ETTIQAVEIWV: TTAPAUETPIKES KOl AAYEBPIKES avaTTapaoTACEIS. Kal
o1 U0 gival XPNOIKES yIa dIAQOPETIKOUG OKOTTOUG Kal €101 aAAnAocuuttAnpwvovtal. Ol
TTOPAUETPIKEG AVATTOPACTACEIG EiVAl ATTOTEAECUATIKEG OTA ONUEia dElyuaToAnyiag evog a-
vTIKEINEVOU. O1 aAyEBPIKES avaTTApAOTACEIS €ival ATTOTEAECUATIKEG YIA TOV TTPOCOIOPICHO
TOU av €va OonuEio avhkel o€ €va avTikeipevo A Oxl. E¢aitiag autou, n katoxr Kal Twv dUo
AVOTTAPOOTACEWY YIA TO id10 AVTIKEINEVO PEYIOTOTTIOIEI TO EUPOG TWV AEITOUPYIWYV TTOU UTTO-
POUV va TTPaYHaTOTTOINBOUV PE TO avTIKEIPEVO auTd. H petdBaon atd pia avatrapdoTtaon
o€ GAAN Ogv eival eUKOAN uttéBeon. Atraitei cuvABwG TN XPron aAyeRPIKWY 1010TATWV.
‘ET01, UTTAPXEI MIa 1I0XUPH ox€on METAEU AAYEBPAG KAl YEWUETPIOG, TTOU CUMPBOAICETal ATTO
Ta AAYEPRPIKA OUVOAQ: €ival YEWUETPIKA AVTIKEIMEVA TTOU TTEPIYPAPOVTAI ATTO AAYERPIKEG
eClowoelg. H perdBaon amo Tnv TTOPAPETPIK 0TV aAYEBPIKA avatTapdoTach KAAEiTal
aAyeppikoTToinan.

AuTh n epyacia €EeTalel vEa €idn aAyEBPIKWYV avaTTapacTAoEWV Kal aAyopiOuwy yia Tov
UTTOAOYIONO aAyERPIKWYV avatrapacTdocwy. Agixvoupe o1 did@opes YEBODOI TTPOCAPUO-
Covtal o€ JIOPOPETIKEG KATAOTACEIG, AKOMN KAl OTAV TTPOKEITAI VIO TNV €TTIAOYI MIOG aAyeE-
BPIKNG avatrapdoTacng METAEU dIa@Opwy aAYERPIKWY avatTapacTAcewy. Ol KAPTTUAEG
OTOV XWPEO UTTOPOUV £TOI VA TTEPIYPAPOUV AAYERPIKA PE KWVIKEG ETTIPAVEIEG, KIVOUUEVEG
YPOUMEG KA/ KIVOUPEVN TETPAYWVIKH ETTIQAVEIQ. ..OTTOU KABE TTEPIYPAPN £XEI DINPOPETIKES
YEWUETPIKEG 1I810TNTES KAl TTPAKTIK Xprion. E@ocov dev uttdpxel BEATIOTN avaTTapdoTacn
N BEATIOTOG AYOPIBUOG aAAQYNG avaTTapAoTaoNG YIa OAEG TIG TTEPITITWOEIG, ETTIAEYOUUE va
AVOTITUEOUHE PEBODOUG TTOU TAIPIAZOUV OE DIAPOPA €idN YVWOTWY TTANPOPOPIWY OXETIKA
ME TO aVTIKEIYEVO TTOU BEAOUPE va avTITTpoowTTeUoupe. OTTwG OEiXVOUUE, TO QVTIKEIUEVA
TTOU KOTAOKEUAZOVTAI JUE TN METATOTTION £VOG AKAPTITOU OWHATOG (swept volumes) utro-
poUv va avartrapioTavTal XPnNoIMOTIoIWVTAG TN yVwaon auTAS TG euong. Opoiwg, TTOAU
OUYKEKPIMEVEG KAUTTUAEG UTTOPEI va €Xouv TTEPITTAOKN OAYERPIKN dour. AvAaAloya ue Thv
avoxn MOg oTnV TTPOCEYYIOT), TETOIEG KAUTTUAEG YTTOPOUV €101 va dlaTapaxBouv yia va a-
TTAOUOTEUCOUV O€ PeyAAo BaBuod Tnv aAyeBpikh doun TOug 1}, avTiBeTa, va avatrapacTa-
Bouv atd éva oxAua TTAoucIag aAyeRpIKAG BOUNRG.

OEMATIKH MEPIOXH: AAyeRpiki MewpeTpia

AEZ=EIZ KAEIAIA: A\yeBpika ouvola, ANyeBpikotroinon, CAGD-CAE, Atraloipouceg, >uluyicg






2YNONTIKH NMNAPOYZIAZH THZ AIAAKTOPIKHZ AIATPIBHZ

Mag evdia@EpEl N avaTrapdoTacn YEWPETPIKWY AVTIKEIMEVWY, OTTWG ETTIPAVEIEG KAI KAPTTU-
Aeg. H TTOIKINOPOP@Ia QUTOU TTOU PTTOPEI VO OVOUOOTEN YEWMETPIKO AVTIKEIMEVO ECAPTATAI
aTTo TO €i00G TWV PETAOXNMATIOPWY TTOU Ba TTPETTEI va gival SUVATEG O€ QUTA TA AVTIKEIIEVA
Kal a1Td TO BaBPO TTOAUTTAOKOTNTAG TTOU TIG XapakTnpilel. H xprion dAyeBpag atmodeixon-
KE €vAG TTOAU I0XUPOG TPOTTOC AVTIUETWITIONG EVOG EUPEOG PACUATOC AVTIKEIMEVWY. ETOI
TA TTEPICOOTEPA YEWMPETPIKA AVTIKEIYUEVA TTOU PEAETABNKAV €W Eival AAYERPIKA QVTIKEIE-
va. AV UEPIKEG POPEG AVAPEPOUOOTE O€ N OAYEBPIKA aVTIKEIPEVA, gival TTAVTOTE UE TNV
TTPOOTITIKA VO KATAOKEUAOTEI MIa aAyeBpPIKr) dour atrd auTd.

MNa va Teplypayel €va YEWUETPIKO QVTIKEIMEVO, UTTOPEI KAVEIG va XPNOIKOTIOINCEl TO AEEI-
AGyI0 Tou oxoAgiou, auvdudalovTag eubeieC ypapuES, KUKAOUG Kal GAAa attAd oxrpata. Ka-
TTOI0G PTTOPEI ETTIONG VO KATAPTIOE! Wi AioTa e OAQ TA ONUEIA TTOU AVIKOUV OTO QVTIKEiJE-
VO, JEXPI MIa dedopévn akpiBela. Eival etriong duvatdv va TTeEpIypAYOoUHE £va QVTIKEIMEVO
ME TN XPron 1I810TATWY SIAKPICNS TTOU IKAVOTTOIOUVTAl aTTO TA onuEia Tou (TT.X. €ival APETA-
BANTEG aTTO éva OEOOUEVO PETAOKNMATIOUO) ] TIG CUVTETAYUEVEG TOU (TT.X. IKOVOTTOIWVTAG
KaTrola e¢iowaon). 'H, o agnpnuéva, utropei kaveic va dwael 1I810TNTEC TOU AVTIKEIPEVOU,
OTTWG TO PEYEBOC TOU, O OYKOG TOU, TO OUVOEDEUEVA UTTOOUVOAQ TOU, N TTEQIYPA®H TWV
OpiWV TOU, TO YEVOG, N KAPTTUAOTNTA KATT.

Otav mpdkeital yia UTTOAOYIOTEG, OAEG AUTEG Ol YEWUETPIKEG AVATTOPACTACEIG UTTOPEI VA Ei-
val XPAOIPES O€ KATToI0 TTAQicI0. H KUpIa S1a@opd UE TIG apnpnUEVES TTAPACTACEIS Eival OTI
N TTOCOTNTA TTANPOQOPIWY TTOU ATTAITEITAI VIO TNV TTEPIYPAPN EVOG AVTIKEINEVOU JECT O€ HIA
oedopévn pEBOdO avatTTapdaTaong TTPETTEN va gival TTeTepacpuévn. MNa Tapadelyua, ol Ka-
MTTUAEG Bézier kal Ta prraAwpata (patches) oxnuartidouv pia Baon atmAwy oxXNUATWY TTou
MTTOPOUV va cuvduacTouv o€ TTIo0 TTOAUTTAOKa oxruata oto Computer-Aided Geometric
Design (CAGD). Aképa 1110 aTTAd: 01 TPIYWVIKEG ETTIQAVEIEG JTTOPOUV VA ouvOUAOTOUV O€
éva TpIywVIKO TTAEYPa evog avTikelyévou 3D, To otroio gival xprioiuo otn Computer-Aided
Engineering (CAE). Ztnv atreikévion bitmap, Ta avTiKeiyeva TTEPIyPA@OVTal EIKOVOOTOIXEIO
ava eikovooTolxeio. 2Tnv AAyeBpIkA MewpeTpia, €éva alyeBpikd oUvoAo gival TO oUVoAo
AUOEWV TTOAUWVUHIKWY ] pNTWYV £€10W0EWV. Kal oUTw KaBegNG. ..

Quoikd, éva avTIKEIPEVO TTOU avaTTapioTaTal JE PIa HEB0DO avaTTapdcTaonG UTTOPEI va unv
avatrapioTaral ge GAAN p€B0d0. Mia EAAEITTTIKI KAPTTUAN, YIa TTAOPASEIYUQ, UTTOPEI VA TTEPI-
YPOQEi WG To 0UVOAO AUCEWYV €VOG TTOAUWVUNOU BaBuou 3, aAAG dev UTTOPEi va TTEPIYPOQEI
XPNOIUOTTOIWVTAG KAWTTUAEG Bézier i akdua Kal pnTéG TTAPAUETPOTTONOEIS. ATTO TNV AA-
An TTAeUpd, éva JeEYAAO CUVOAO QVTIKEINEVWY PTTOPET va avatTapioTATAl XPNOIUOTTOIWVTAG
QPKETEG DIAPOPETIKEG HEBODOUG avattapdoTaons. ‘Eva onuavtiké TpoBAnua cival 1é1e va
MTTOPECOUE Va TTEPACOUNE aTTd YIa avattapdoTtacn o€ Jia GAAN. H SuokoAia peTaTpoTrig
EVOG QVTIKEIMEVOU OTTO Hia avatrapdoTacn o€ AAAN OXETICETAI JE TNV TTOIKINOKOPPI AUTWV
TwV uEBGdWV avatrapdoTaong.

MeTagu auTwyv Twv PEBOGdwWV avatmapdoTacng, OUo €idn €xouv PeyaAUTEPN onuacia yia



EMAG:

* MNopapeTpIKES TTOPAOTACEIG, AapBAvovTag pia ) TTEPICOOTEPES TTAPAUETPOUG WG €I0000
Kal éva ONUEIo TOU aVTIKEIMEVOU WG £€000. TUTTIKA, WIa TTAPAUETPIKA avaTrapdoTacn evog
aAyeBPIKOU avTIKEINEVOU gival hia pnTr aTTeIkOVIoN, JE PNTA AVTIOTPOPN OTTEIKOVION, META-
&U evOG TTPOLOAIKOU XWPOU Kal auToU TOU QVTIKEIPEVOU.

* ANYEBPIKES TTOPAOCTACEIG, AaUPBAVOVTAG £Va CNEIO TOU TTEPIBAAAOVTOG XWPOU WG €i0000
KAl aTTaVTA av TO ONUEIO AUTO AVAKEI OTO AVTIKEIPEVO ) OXI. TUTTIKA, Pia aAyEBPIKI avaTTa-
paocTaon gival €va 0UVOAO TTOAUWVUNWY TTOU undevifovTal TAUTOXPOVA OTO QVTIKEIWEVO.

To £pyo TTOU TTAPOUCIAZETAI DWW TTEPIYPAPEI EVIIAPEPOVTES TPOTTOUG YIA TNV avaTTapdoTa-
on OAYEBPIKWYV QVTIKEIUEVWVKAI €0TIALEI O€ QAYEBPIKEG avaTTaPACTACEIS KAl aAyopiBuoug
aAAayng avatrapaoTacng ME ENpacn atnv aAyeppikotroinon, dnAadn aAyopibuoug 1ou
e€ayouv pia aAyeBpikn avatrapdoTaon.

O ouyypagéag TapakoAouBnoe dIBAKTOPIKEG OTTOUdEG OTO EBVIKG kal KatrodioTpiako MNa-
vemmoTAIo ABnvwyv otnv EAAGda (EKTIA) oTto TTAaiolo Tou Epyou ARCADES TTou xpnuaro-
do1Aonke a1d TNV EE (Marie Sktodowska-Curie Actions). 210 TTAQICI10 QUTWYV TWV PJEAETWY,
0 ouyypagéag TEpace 3 prveg ato gpeuvnTikO KEVTPO SINTEF oto Olso tng Noppnyiag
Kal 4 ufveg oto gpeuvnTikG KEvTpo RISC Software GmbH oto Hagenberg tng AuoTpiac.
Kai 011G dUO TTEPITITWOEIG, N EPYACiA TTPAYUATOTTOINONKE OE€ CUVEPYAOIia E TOTTIKEG EPEU-
VNTIKEG OUAOEG.

270 KEQAAAIO 3, avaTrITUooETAl €VaG VEOG aAYOPIBUOG aAyeBpIKoTToinOoNG yia éva €10IKO
€idog 3D avTikeipévwy. O1 dykol "cdpwong” (swept volumes) gival avTIKEIEVA KATOOKEUA-
OMEVA JE TOTTIKA TTEPIYPAPH TNG YEWMPETPIAG TOUG EQAPUOLOVTAG VAV I] TTEPICCOTEPOUG UE-
TAOXNMATIOPOUG ICOUETPIOG. XTICOUME YIa QoMM YIa TV AAYERPOTTOINCN XPNOIKMOTTOIWVTAG
Kal Ta dUo autd cuoTaTtikd. [Mapoucialovral £TTiong dUO aAyopiBuol aAyeBpIKoTToinong
TTOU XpnolpoTtrolouvTal o Blopnxavia. To ke@dAaio autd Baciletal oTo ApBpo [45].

270 KEQPAAQIO 4, avaTTTUOOETAI £VAG VEOG OAYOPIOPOG aAyeBpIKOTTOIoNG Yia aAyEBPIKA OU-
VOAQ ouv-01a0TaO0NG auoTNPA PeyaAuTepng atmd 1. Evw apketoi dAAoI aAyeBpikoi aAyo-
piIBuoI Teivouv va eival TaxUTepol, 0 aAyopIBUOG TToU TTPOTEIVOUNE gival KATaAANAGTEPOG
yia aAyeBpIkK& oUvoAa peydAng ocuv-didotaong. H 1d€a tmiow atmd autdv Tov aAyopiBuo
TpoépxeTal atrd Tn Bewpia Twv Chow forms. To kepdAalo autd BaoiceTal oTa apbpa [28]
Kai [29].

270 KEQAAQIO 5, avatrTuooeTal évag vEoG aAyopIBog aAyeBpIKoTToinonG ue BAaon Toug Ti-
VOKEG. AuTOG 0 aAyopiBuog Baaoietal o€ ouluyieg (syzygies) Kal TETPAYWVIKEG OULUYiIEG.
Mapéxel pia TTOAU 1I0XUp OXEON METALU TWV TTAPAMETPIKWY KAl TwV GAYERPIKWY avaTra-
PACTACEWY, ETTITPETTOVTAG TNV AVTIOTPOPI) TNG ATTEIKOVIONG METALU TWV TTAPAMETPIKWY KAl
TWV TTEPIBAANOVTIKWV XWPwV PEOW Tou TTivaka. To ke@daAaio Baaoifetal oto apbpo [10].

270 KEQAAAIO 6, CUYKPIVOUNE BIAPOPETIKEG HEBODOUG aAyERPIKOTTOINONG, UTTOYPOUUICo-
VTOG TO TTAEOVEKTAUATA KAl TA PHEIOVEKTHHATA TNG KABEUIAS. ETTEIdN 01 TTEPIcoOTEPES ava-
TTAPACTACEIG UTTOPOUV VA €ival TTI0 XPAOIUES aTTo TIC AAAEG avaAoya e TNV epapuoyn (ye-
yovOG TTOoU 1I0XUEI OTAV CUYKPIVOUUE TIG TTOPAPETPIKES UE TIG QAYERPIKEG AVATTAPACTACEIG,
OAAG akOuN Kal OTAV OUYKPIVOUUE TIG AAYERPIKEG AVATTOPACTACEIG METAEU TOUG), TTEPIOTO-
TEPN OOUAEIG gival aTTaPAiTNTN WOTE VA €TTIAEXOOUV 01 BEATIOTEG.
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Compact and efficient implicit representations

1. INTRODUCTION

We are interested in the representation of geometric objects, such as surfaces and curves.
The diversity of what can be called a geometric object depends on what kind of operations
should be possible on these objects and the degree of complexity we consent to them.
Using algebra proved to be a very powerful way of dealing with a broad range of objects;
thus most of the geometric objects studied here are algebraic objects. If we sometimes
refer to non-algebraic objects, it is always with the prospective of constructing an algebraic
structure out of them.

In order to describe a geometric object, one can use the vocabulary of the school, com-
bining straight lines, circles and other simple shapes. One can also draw up a list of all the
points belonging to the object, up to a given precision. It is also possible to describe an
object by the use of discriminating properties satisfied by its points (e.g. being invariant
by a given transformation) or its coordinates (e.g. satisfying some equation). Or, more
abstractly, one can give properties of the object, such as its size, compactness, connected
components, description of its boundaries, genus, curvature, etc.

When it comes to computers, all these geometric representations can be useful in some
context. The main difference with abstract representations is that the quantity of informa-
tion required to describe an object within a given representation method must be finite.
For example, Bézier curves and patches form a basis of simple shapes that can be com-
bined to have more complex shapes in Computer-Aided Geometric Design (CAGD). Even
simpler: polygonal surfaces can be combined in order to for a polygonal mesh of a 3D
object, which is useful in Computer-Aided Engineering (CAE). Also useful for CAE, Alge-
braic Geometry defines a shape as the zero set of polynomial or rational equation(s). In
bitmap imaging, objects are described pixel by pixel. And so on...

A representation is thus a list of informations (typically numbers) while a representation
method determines how these informations should be interpreted. More theoretically, a
(computer) representation method is a partial surjection from N to a set of representable
objects by that representation method. This set of representable objects can have at most
the cardinality of the continuum, which is large enough for representing most of geomet-
ric objects one can think of. For instance, the sets of (graphs of) polynomials, analytic
functions over the unit complex disc or even continuous functions over a compact subset
of R™ are all representable sets (see [54, 55] for more details about these representation
methods of very large spaces). However, the set of (graphs of) real-valued functions is
not representable. In our algebraic framework, we restrain ourselves mostly to represen-
tation methods of algebraic varieties, the geometric objects we can build out of them and
the operations that can be done with them.

Of course, an object representable by one representation method may not be repre-
sentable by another method. An elliptic curve, for instance, can be described as the zero
set of a degree 3 polynomial but it cannot be described using Bézier curves or even ra-
tional parameterizations. On the other hand, a large set of objects can be represented
using several different representation methods. An important problem is then to be able
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to pass from a representation to another. The difficulty to convert an object from one
representation to another relates with the diversity of these representation methods.

Amongst these representation methods, two kinds are of greater importance for us:

» Parametric representations, taking one or several parameters as input and a point of
the object as output. Typically, a parametric representation of an algebraic object is a
birational map between a projective space and that object.

* Implicit representations, taking a point of the ambient space as input and outputting
whether that point belongs to the object or not. Typically, an implicit representation is a
set of polynomials that simultaneously vanish on the object.

In this thesis, we sometimes refer to the generic case. Unless explicitly stated otherwise,
a property is said to hold for the generic case when it holds for a (topologically) dense
subset of objects and also holds (probabilistically) almost surely when a random object
is picked with a dense probability measure. In algebraic geometry, these two notions of
density and almost certainty coincide most of the time, provided that the underlying field
we work in is algebraically closed (typically, C).

The work presented here is about (1) describing interesting ways to represent algebraic
objects with a focus on implicit representations and (2) developing algorithms to switch
from a representation to another with a focus on implicitization, i.e. algorithms that output
an implicit representation.

The defender’s web-page can be found athttp://users.uoa.gr/~claroche/ on the web-
site of the University of Athens.

1.1 Parametric and implicit representations

Our study is restricted to rings and fields of characteristic 0, typically Z, Q, R and C.
Algebraic objects are subsets of a module, a vector space, an affine space or a projective
space of dimension n, called the ambient space, and usually denoted by K", Aff(K™) or
P*(K) depending on the circumstances. The algebraic closure of K is K.

We use the variables x; for the coordinates of points in the ambient space (or z,y or z,y, =
if its dimension is 2 or 3). We us the variables ¢; for the coordinates of points in the
parametric space (or t or s, t if its dimension is 1 or 2).

1.1.1 Varieties

Definition 1. An algebraic variety V in K" is the set of common solutions of polynomials

Fi,...,F.inn variables x1, ..., x, where c,n € N*:
Vi=Z(F,...,F)={x,...,¢n | Fi(xy,...,2,) =0,1 <i<c} (1.1)
The space K" is called the ambient space and the set of polynomials {F},...,F.} is an

implicit representation of V.

C. Laroche 24
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A projective variety V' in P"(K) is defined in a similar way:
Vii={(zg:-:2,) € P"(K) | Gi(z1,...,2,) =0,0 < i <c}

where G, ..., G. are homogeneous polynomials in n + 1 variables.

Varieties are very interesting because they provide an convenient theoretical framework
when representing geometric objects. They concern representations extensively used in
CAGD, computer graphics and simulations, such as Bézier curves or surfaces, splines and
all their variations, etc. The algebraic operations having geometric interpretations, they
are easier to manipulate than analytic representations. The algebraic structure of varieties
also comes together with object invariants: properties such as dimension or genus that
can be used to classify the different kinds of varieties. Here are some of these classifying
properties:

Definition 2. A variety is said to be irreducible if it is generated by a prime ideal
< F,...,F. >. Geometrically, it means that it can not be split in two non-empty vari-
eties.

The dimension d of a variety V' is the maximal length minus one of a strictly increasing
sequence of non-empty irreducible subvarieties of V, Vo, ¢V} & --- G V; C V. Itis also
the maximal dimension of its tangential vector spaces. If d = n — 1 and all of its maximal
irreducible subvarieties have the same dimension d, then V is said to be a hypersurface.

The codimension of a variety is the dimension of the ambient space minus its own dimen-
sion, n — d. A variety needs at least n — d equations for any of its implicit representation.

The degree deg(V) of V' is the number of intersection of V with a generic linear subspace
of dimension n — d, over an algebraically closed extension of K (typically C). WhenV is a
hypersurface, it is generated by a radical principal ideal < F' > and its degree is the total
degree of F.

The genus g of a smooth complex variety V' of dimension d is the number of linearly
independent holomorphic d-forms on V:

g = dim(H°(V, Q%))

where Q¢ is the space of holomorphic d-forms and H° is the relative singular cohomology.
The definition extends to non-smooth complex varieties by decreeing that the genus is in-
variant under birational maps (it is already invariant under birational maps between smooth
varieties).

The Riemann-Roch theorem implies that the definition of the genus g is equivalent to g :=
(deg(v)_l)z(deg(v)_z) — s in the case of complex curves, where s is the sum of the multiplicities
of the singular points (see [35, Chapter 4]).

While the genus is an important algebraic invariant, the degree of varieties is much more
important for us. Its usage is specified by another fundamental result: the theorem of
Bézout.
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Parametric

Parametric space K4m(V) Ambient space K"
S®FX)=0

Implicit

Ambient space K"

Figure 1.1: Parametric representation versus implicit representation

Theorem 1. (Bézout’s theorem) [15, Chapter 8, §7] Let V; and V;, be two projective
varieties in an algebraically closed field without common components, i.e. such that for
all the maximal irreducible components W, C Vi, W, C V,, we have codim(W; N Wy) =
codim(T;) 4+ codim(W5) if codim(W;) + codim(WW,) < n and Wy N W, = () if codim(1W7) +
codim(Ws) > n.

Then deg(Vi N'V,) = deg(V;) deg(Va).

This theorem can be seen as a generalisation of the fundamental theorem of algebra that
links the number of roots of a polynomial to the degree of that polynomial.

Definition 3. A rational parametric representation or a rational parameterization of a va-
riety V (resp. projective variety V') is a list of rational polynomials ... L in dim(V)
variables (resp. homogeneous polynomials qq, . . ., q, of the same degree in dim(V’) + 1
variables) such that:

(At ta) folte, .. ta)
V_{<f0<t1,...,td)’.“7 fo(tl,...,td)) | (tl""’td) 6Kd>f0(t1>"'vtd) #O}

resp. V' ={(aolto : -+ i ta) s ulfot i ta) et gulto: e i ta)) | (fo s+ a) € PU(K)
(1

A proper parameterization of V' is a rational parameterization for which almost all the points
of V' has only one preimage.

2)
A rational variety is a variety having at least one rational parametric representation.
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1.1.2 Switching of representation

Before describing why using different kinds of representation may be useful, let us notice
that rational varieties form a strict subset of varieties. In dimension 2 already, we have the
following characterization.

Proposition 2. In C? orP?(C), a curve is rational if and only if it is irreducible and its genus
is 0.

This follows directly from the invariance of genus through birational maps and the fact that
the genus of P!(C) is 0. Using the Riemann-Roch theorem, one can explicitly construct
a rational parameterization of a singular complex curve by blowing-up repeatedly its sin-
gular points. When the genus is 0, i.e. the singularities are many enough (counted with
multiplicity), a resolution of singularities leads to a birational map between the curve and
a line or conic easily parameterizable by P!(C) (see [62] for details).

This idea of using resolutions of singularities of varieties in order to parameterize them
can be generalised to varieties other than planar curves thanks to a theorem of Hironaka
(see [34] or [32]) stating that any variety in characteristic 0 admits a resolution of singu-
larities. This result was sought for several decades before Hironaka gave a proof, using
chains of blow-ups. From that point of view, a rational parameterization is given by the
chain of blow-ups, provided that the smooth variety at the end of the chain is parameteri-
zable, that is to say the singularities are complicated enough for the variety to get simple
once they are blown-up.

While hypersurfaces can be implicitly represented by a single equation, varieties of codi-
mension n — d > 2 require at least n — d implicit equations. When n — d equations are
enough, the variety is said to be a complete intersection but it is unfortunately not always
the case. Thereby, the number of equations obtained with an implicitization algorithm is
not always predictable beforehand. The Bézout’s theorem1 states that the variety degree
of a complete intersection is the product the total degrees of its generating polynomials
Fi,..., F. (taking the radical ideal of < F7, ..., F. > if necessary). A classical example of a
variety that is not a complete intersection is the twisted cubic: {(s® : st : s¢* : t*)} s.yepi(c)-
Indeed, the twisted cubic is a non-planar space curve of degree 3. However, considering
two surfaces S, S, in P3(C) that are not planes and have no common components, their
intersection S; N S, is a curve a degree deg(S;) deg(S2) > 4, by the Bézout’s theorem.
Thus the twisted cubic is not the intersection of two surfaces. It is actually the intersection
of three surfaces in P3(C) (see figure 1.2).

Example 1. Z({zy}) = {(x,y) € R* | z = 0 or y = 0} is not irreducible and thus not a ra-
tional variety.

Z({y* — 23 + x}) is a smooth elliptic curve thus its genus is non-zero and thus it is not a
rational variety, both in C? and R?.

We end this section with considerations about the relations between the degrees of pa-
rameterizations, implicit polynomials and the degree of the variety.
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i

Figure 1.2: Two curves: a complete intersection of degree 4 (left) and the twisted cubic which is
not a complete intersection (right).

Given a proper parameterization f—(l), cee f—g of a variety V, the degree of V' is bounded

by deg(V) < 1‘[;’:1 max;(deg,.(f;)). For curves, the inequality becomes an equality and
deg(V) = max;(deg f;). Also, in the homogeneous setting of a proper parameterization
Q, - - -, ¢, Of V', the situation is more symmetric and deg(V’) = deg(q,)¢. Hypersurfaces
always have an implicit polynomial I’ such that deg(F') = deg(V"). However, for varieties
of codimension 2 or more, it is sometimes possible to obtain an implicit representation
made of polynomials that all have a degree strictly lower than deg(V'). Chapters 2 and 5
give different proofs of this fact. In Chapter 5, it is shown that for a generic space curve,
we have max;(deg(F;)) = (”eTg(V)} for some implicit representation {F;},.

1.2 Interest in applications

In this section, the advantages and disadvantages of each kind of representation is dis-
cussed. Also, while 2D and 3D objects are the core objects of the study, the algebraic
tools developed can be applied to other situations, in particular when higher dimensional
spaces are involved. For instance, consider to be given a huge amount of data about
weather conditions over an area (position, wind speed and direction, sunlight, humidity,
time of day, etc.). The existence of relations between these data, if not algebraic, can be
approximated by algebraic relations through an implicitization (or e.g. a statistical regres-
sion analysis) and thus describe an algebraic variety. A parameterization of such variety
would then allow to span the range of plausible weather data, enabling the study of ex-
tremal conditions or the reconstruction of a plausible variation between two given states.
In such a situation, the ambient space dimension n is the number of weather conditions
measured and can be quite high.

The big picture is that parametric representations are useful when sampling and object
while implicit representations are useful when looking for the relative position of a given
point with respect to the object.

Using parametric representations has the following advantages and disadvantages:

C. Laroche 28
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Figure 1.3: Problems with global representations: trimming a Bézier curve to its control polygon
may keep unwanted parts of the global curve (/eft), trimming on the parametric space cannot be
carried to a global representation, unless an inverse map from the ambient space to the parametric
space is available (right)

+ Sampling points on the object is very easy.
+ Displaying the object on a screen is fast.
» Trimming the object to only consider a local portion of it is possible.

* More precisely, trimming can be done both on the parametric space or in the ambient
space.

» They are preferred representations for additive manufacturing.

» The intersections of rationally parameterized objects (e.g. 3D surfaces) are not al-
ways rationally parameterized.

Using implicit representations has the following advantages and disadvantages:

» Checking the membership of a query point is very easy.
» The intersection of several implicitly represented objects is simple to handle.

» The intersection of an implicitly represented object with a parametrically represented
object is usually simple.

» They provide geometric and algebraic informations (genus, ideal...).
* They allow ray-tracing methods, which enables high-quality rendering of the objects.
» They are preferred representations for subtractive manufacturing.

* They describe the variety globally; trimming can be done in the ambient space but
not the parametric space (see Fig. 1.3).

29 C. Laroche



Compact and efficient implicit representations

From these lists of features, it appears that parametric and implicit representations are
complementary. Except for specific applications, having both representations of a single
object is usually the best way to go.

In practice, the whole varieties are not interesting when dealing with geometric objects:
only more or less small parts of each variety are considered and gathered to form a
piecewise-algebraic object. Parametric representations allow to cut the parts of varieties
in the space of parameters, considering for instance only the unbroken segment of the
Bézier curve shown in figure 1.3 or the purple part of the patch in that same figure. Both
representations allow to cut varieties in the ambient space, considering for instance only
the part of a curve inside a rectangular box or a polygon. The problem presented in fig-
ure 1.3 is that it is not always easy, let alone possible, to discriminate in the ambient space
a part of a variety trimmed in a parametric space.

Both representations allow rendering algorithms. Ray-tracing methods for rendering implicitly-
represented objects can handle reflections and lightning accurately, which makes them
suitable for very high-quality rendering. However, the speed when displaying parametrically-
represented objects is outmatched and can make the difference between a real-time ren-
dering and a non-real-time rendering. Because of the speed advantage, designers use
parametric representations to produce free-form objects very easily in practice. Then, if
needed, other representations must be computed. For instance, CAE engineers need an-
other representation (implicit or mesh) in order to compute the objects’ hardness, flexibility

or, more generally, its physical properties and behaviour (which consists in solving partial
differential equations most of the time).

On top of that, a lot of 3D objects are represented using polygonal meshes (triangular
meshes for most of it). These can be considered both as parametric representations or
implicit representations since it only consists of linear surfaces, from which both represen-
tations are immediate to construct. Indeed, given three points A, B and C, the triangle
ABC'is:

i. parametrically represented by f(s,t) = A + SAD +tAC, with 0 < s,tand s + £ < 1,

_>
ii. implicitly represented by F(x,y, z) =< (z,y,2) - (AB x AC) > — < A ( AB x AC) >,
with (z, y, z) lying in the three half-spaces defined by the triangle’s side and its normal.

Meshes are more than enough to represent very simple objects (i.e. with flat surfaces).
They are not efficient any more when it comes to represent curved shapes, as many
polygons are required for them for a result that is not as smooth as what we could ask
for. We need to use more accurate representations when meshes are not a satisfying
solution, and thus have algorithms for manipulating them and switch from a representation
to another with the minimal loss of precision.

The algorithm of marching cubes (see [47]) can be used to compute a mesh out of an
implicit representation. Using it, an approximation of implicitly-represented objects can be
displayed relatively fast, though slower than when a parametric representation is directly
available.
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Figure 1.4: Different representations of varieties

Another way to represent 3D objects, closely related to meshes, is the combinations of
basic shapes. Spheres, cylinders, ellipsoids or cones, for instance, are not linear surfaces
like triangles but they are still easy to convert to parametric or implicit forms. They can
give a nice middle ground between curved shapes and simplicity. There are methods for
producing basic shapes from point clouds with exact fitting (e.g. [9]) or with approximate
fitting (e.g. [58]).

One of the biggest issues with parametric representations is the fact that the intersection
of two rationally parameterized objects (typically two surfaces) are not necessarily ratio-
nal varieties (the intersection curve(s) cannot be rationally parameterized). This is a huge
problem to deal with in CAE and in particular when switching back and forth from para-
metric representations produced by CAGD to implicit representations or meshes required
in CAE.

For instance, consider a simple object made of two pieces. Each piece being produced
by a CAGD designer, they are parametrically represented. When assembled together,
one needs to cut them along their intersection. Since this cannot always be done, only an
approximation of the intersection is computed, which may lead to small gaps in-between or,
on the contrary, small parts of the pieces getting inside each other. Then, when implicitizing
or meshing the object, these gaps must be fixed since the object would not be watertight
otherwise and thus show misleading physical properties (see the figure 1.5).

The problem shows up again in the other direction if, once the CAE engineers have ad-
justed the object’s shape to optimize its physical properties, a CAGD-compatible repre-
sentation must be made out of the new shape for further design purpose (e.g. place that
simple object as a part of a bigger one).

Matrix representations are a fitting way to represent a wide range of varieties. Instead of
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Figure 1.5: The intersection of parametric surfaces may not be represented accuratly in a
parametric form, generating gaps or surfaces crossing each others. The mesh can be fixed by
collapsing the transition between the surfaces (in red) at the cost of data loss and thus problems
when converting the mesh back to parametric patches.

considering a variety as the set of common zeros of implicit polynomials, it is described as
the set of points dropping the rank of a formal matrix. For hypersurfaces, we use a square
matrix and the drop of rank property is equivalent to the vanishing of the determinant
(which is then the variety’s unique defining polynomial). For varieties of lower dimensions,
we use a rectangular matrix and the drop of rank property is equivalent to the vanishing
of all of that matrix’s largest minors. We develop matrix representation algorithms in the
section 2.3 and Chapter 5. The matrix representation developed in Chapter 5 also provide
a nice solution to the problems shown in figure 1.3.

A point cloud is a set of scattered points of a hypersurface (curve in 2D, surface in 3D,
etc), possibly given with their normals or other data. They are impractical and give few
informations about the variety. However, raw data are often obtained in that form, for
instance with 3D cameras using lasers to estimate the depth of an object in a given view
frame. Thus, many algorithms exist in order to structure point clouds:

» produce a mesh for them, which is a combinatorial task that is not as simple as it
may look (see e.g. [1, 74]),

try to fit them to basic shapes like cylinders or cones (see e.g. [9, 58]),

» produce implicit surfaces, either exact or approximate (see Chapter 3),

interpolate a parametric hypersurface, either exactly or approximately (see sec-
tion 2.3).

Voxels have been used as an alternative to point clouds. They allow efficient volumetric

computations but are usually more expensive storage-wise due to holding data indexed
on space coordinates. Voxels, much like bitmap images, are out of the range of our work.
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Finally, radical and analytic parameterizations are parameterizations allowing more oper-
ations than the 4 basis operations used by rational parameterizations. Radical parame-
terizations allow square root operations on polynomials and, more generally, n-th root op-
erations. Analytic parameterizations allow the use of functions like exp, cos, sin and, more
generally, functions that can be defined with integrals or limits. The latter ones having few
to none algebraic properties, they are extremely impractical regarding the algebraic tools
developed in this work. While some analytic parameterizations are describing rational va-
rieties, the differences of the parameterizations are striking even in these very special case
(e.g. the circle, which can be parameterized both as (cos(t), sin(t)), which is a bijective

. . _42 . . . . .
geodesic map from [—x, 7) to the circle, and (hﬁz, 1_2@2), which is a birational map with

P'). Algebraic tools are also hard to apply to radical parameterizations but they may be
reparameterized with rational parameterizations when they describe branches of rational
varieties (see [61]). The elliptic curve of example 1 admits a radical parameterization but
cannot be reparameterized that way.

The evolution of mathematical methods for parameterization or implicitization is some-
times little known by the communities of computer engineers using such methods. It was
brought to our attention that textbooks in computer graphics [33] sometimes share a belief
according to which there is no implicitization algorithm that would work for all situations.
While it is true that implicitization algorithms should be chosen for their efficiency in a spe-
cific situation (there is no implicitization algorithm that consistently outbests all the others),
many algorithms require little to no hypothesis on the variety that should be implicitized.
On top of that, these hypotheses can sometimes be worked around: for instance, Grobner
bases algorithms may require the parameterization to admit no base point. But even then,
one can bypass this requirement using a trick, namely saturation of the equations for this
example. For some other algorithms, a small perturbation of the variety that keeps its al-
gebraic invariants unmodified can be enough for the algorithm to apply and output implicit
equations of the perturbed variety. It is then possible to retrieve implicit equations of the
original variety by using homotopy, i.e. finding the perturbation of the implicit equations
that fits the perturbation that we applied, etc. The room for improvement in implicitization
is thus not about relaxing the hypotheses but on the contrary to design algorithms that are
more fitted to specific situations.

1.3 Summary and contributions of the thesis

This thesis presents results and algorithms in the field of implicit representations and im-
plicitization algorithms.

The author has followed Ph.D. studies at the National and Kapodistrian University of
Athens in Greece in the framework of the project ARCADES funded by the Marie Sktodowska-
Curie Actions. As part of this studies, the author has spent 3 months at the research centre
SINTEF in Oslo, Norway, and 4 months at the research centre RISC Software GmbH in
Hagenberg, Austria. In both occasions, work has been done collaboratively with the local
research teams.
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In Chapter 2, basic tools are presented. Grobner bases and resultants are the main tools
when it comes to implicitization algorithms. We present both, with an emphasize on re-
sultants because the algorithms on the subsequent chapters rely on them rather than on
Grobner bases. Moreover, a C++ implementation of a sparse resultant algorithm has been
developed by the author based on an existing Maple implementation. We also present a
very basic interpolation matrix that can be built for varieties of any (co)dimension.

In Chapter 3, a new implicitization algorithm for a special kind of 3D objects is developed.
Two implicitization algorithms used in the industry are also presented. That chapter is
based on the technical report [45].

In Chapter 4, a new implicitization algorithm of varieties of codimension strictly greater
than 1 is developed. While several implicitization algorithms fare better on hypersurfaces,
this one on the contrary is better suited for varieties of high codimension. The idea behind
that algorithm comes from the theory of Chow forms which is also presented there. That
chapter is based on the article [29].

In Chapter 5, a new matrix-based implicitization algorithm is developed. This algorithm
relies on syzygies and chain complexes. It provides a very strong link between parametric
and implicit representations, allowing to reverse the map between the parametric and
ambient spaces through the implicit matrix. That chapter is based on the articles [28]
and [10].

In Chapter 6, we compare different implicitization methods, outlining the advantages and
drawbacks of each one. Since most representations can more useful than the others
depending on the situation (a fact that is true when comparing parametric and implicit
representations but even when comparing implicit representations amongst themselves),
it is a necessary work to be done.
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2. PRELIMINARIES

When it comes to exact implicitization, there are traditionally two frameworks: Grobner
bases and resultants.

2.1 Grobner bases

Grobner bases were invented, as the name doesn’t suggest, independently by Hironaka
in 1964 [34] (while proving that any variety in characteristic 0 admits a resolution of singu-
larities) and Buchberger (Grobner’s student) in 1965 [5].

Even though they play only a little role in the work presented here, since we use resultants
rather than Grébner bases, they play an important role, at least historically, in implicitiza-
tion in general, hence the following brief introduction.

We recall that an ideal Z of a ring R is a subset of that ring stable under the internal sum
(i.e. Va,b € Z, a + b € T) and the external product (i.e. Vk € R,Va € Z, ka € Z). The rings
we are interested in here are polynomial rings of several variables.

Definition 4. A monomial order is a total order < on the monomials respecting the product:
a < b = ac < be for any monomial c. Since it is a total order, each polynomial has a
leading term w.r.t. this monomial order.

A Grobner basis of an ideal Z C K[z4, ..., z,] w.r.t. a specific monomial order is a list of
polynomials (P, ..., Py) satisfying:

1. 7 is the ideal generated by { P, ..., P}, thatisZT =< Py,..., P >,

2. the leading term of any polynomial in Z is divisible by the leading term of P, for some
ie{l,....k},

3. the ideal of the leading terms of polynomials in Z equals the ideal generated by the
leading terms of Py, . .., Py,

Note that (1. and 2.) <— 3.

There are several algorithms for computing Grébner bases; some of them are described
in [14, 15] for instance.

Most common monomial orders are the lexicographic order (the natural orderon K|z, . .., z,,] =
K[zm][. - . ][x1]), the graded lexicographic order (monomials are ordered w.r.t. their degree
and w.r.t. the lexicographic order for those of the same degree) and the elimination orders.
The latter ones are of most interest for implicitization; they apply to polynomial rings of type

K[t1,...,tq,21,...,z,] where two blocks of variables are distinguished. In elimination or-
ders, the monomials T, X, and T,X,, with T,,, T}, € K[ty, ..., tq], Xo, Xp € K[z1,...,2,], are
first compared by comparing 7, and 7, w.r.t. a monomial order on K|ty,...,%;] and then
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in case of T, = T, by comparing X, and X, w.r.t. a monomial order on K[z1, ..., z,]. This

guarantees that monomials containing no variable amongst ¢4, ... ., t, are smaller than any
monomial containing a variable amongst ¢4, ..., t,.

Such an elimination order allows to eliminate a set of variables from polynomial equations.
Indeed, a Grobner basis of an ideal Z C K[t4,...,tq4, z1,...,x,] W.r.t. an elimination order
is able to compute Z N K|z, ...,z,] as the basis (P, ..., P;) is split into the polynomials
Py, ... Py containing no variable t,,...,t; and the polynomials P;/4,... P all of which
contain at least one variable ¢4, .. . t,.

. . o fl(tl ..... td) fn(tl ..... td) n :

Let V' be a rational variety, V = {(fo(tl 77777 D T td)>}(t 7777 e Cc K. IfVisa
curve, that is d = 1, and the polynomials fy,..., f, are coprimes, then V is the set of

points =1, ..., x, verifying the following equations for some ¢ € K.

Qi(t,z1,. .., mn) = 21 fo(t) = fi(t) =0
Qg(t,xl, Ce ,.Tn) = Igfo(t) — f2<t) =0

'Cé;l(t,xl, ces ) = T fo(t) — fu(t) =0

A Grobner basis of Z =< @Q4,...,Q, > w.rt. an elimination order thus outright gives us
implicit equations of V: they are the polynomials Pi, ..., P, generating Z N K|z, ..., z,].

When V is a rational variety of dimension d > 2, it is not enough to compute the Grébner
basis of Z defined like above because there may be base points, i.e. common roots of
fo, ..., fn, that cannot be avoided by imposing polynomials to be coprime as it can be done
for curves. In this case, we must rule out any irreducible component of Z(Z) that is strictly
contained in Z(p,) for instance. We do that by saturating Z by py:

T ={qeK[ty,... . ta,1,..., 2] | EIkEN,quEI}
=<Q1,...,Qn, 1 —7po > NK[t1,... ,tqg,T1,..., %]

where 7 is a new variable.

Using that second form, we can compute 7 with a first Grobner basis computation w.r.t.
an elimination order eliminating 7. Then implicit equations of I are obtained by computing
J NK][zy,...,x,] with a second Grébner basis computation, eliminating ¢4, . . ., ¢, this time.

Example 2. Consider a rational parameterization of the sphere:

1—s2—¢2 2s 2t
rT = ——— = 2=
1+ s2+1t2 Y 1+ s2+1¢2 14 s2+t2
Although there does not seem to be a common root of 1 — s> — t2, 1 + s> 4+ t%, 2s and 2t,
all the points at infinity (s : t : u) verifying s*> + t* = 0 (and u = 0) are actually base points.

Thus a Grébner basis of T =< x(1+s*+t*)—(1—s*—1?), y(1+s*+t*)—2s, 2(1+s*+t*) -2t >
would only consist of polynomials containing s or t and no implicit equation.
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Computing a Grébner basis of < )+, ...,Q,,1—7Tpy > as defined above, we obtain 5 equa-
tions:

28+ zt? 2 —2t, yt—zs, ysi+yt+zst—2s, xwtys+zt—1,
2r+ys+zt—2

By dropping the last equation, which involves 1, we get generators of the ideal 7. An
other Grébner basis computation leads to 6 other equations, the implicit equation of the
sphere being amongst them.

st4+s—y, sy+tz+ar—1, sz—ty, trx+t—z tyYi+t22+rz—2z,
P24y 22—

While Grobner bases are extremely powerful, they can be expensive computation-wise.
In particular, the worst-case complexity of Grobner basis algorithms is usually very high
although the generic case is much faster.

2.2 Resultants

Resultants have been introduced by Sylvester in 1840 [67]. Let P, @ € K[t] be two polyno-
mials of respective degree §,, dy: P(t) = po+pit+---+ps,t° and Q(t) = qo+qut+- - -+qs, 2.
The Sylvester resultant of P, () is then defined as the following quantity:

o2 cojlymns o1 cojlgmns
;70 0 e 0 ) o 0 --- 0 A
mo p - 0 @ @ - 0
: N : o '
. pe i
Ress 5, (P,Q)=Det|p; .+ . p g P . 0 (2.1)
Ps DPs1 -+ 0 g, T q
0 ps, - : 0 :
: : Ps—1 - DT Qs
0 0 - ps, O 0 - g

For simplicity, we write Res(P, Q) instead of ReSgeg(p),deg() (P @)-

The matrix of the equation 2.1 is called the Sylvester matrix of P, (). It can be seen as the
matrix of the map (A, B) € K|[t]s,_1 x K[t]s,_1 — PA+ QB w.r.t. the canonical bases of the
polynomial rings (sometimes called the power bases). Thus, Res(P, @) = 0 if and only if
there exists non-zero polynomials A, B such that PA + @B = 0.

Amongst the many properties of the Sylvester resultant, the Poisson formulae are both
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typical and very useful:

Res(P,Q)=py [ @@

a€RootsOf(P)

o2 O
s | R
a€RootsOf(P)
B€RootsOf(Q)

=(-)"=g [ PG

B€RootsOf(Q)

(2.2)

where the roots are taken in the algebraic closure of K.

It can be read directly from these formulae that the Sylvester resultant vanishes when the
polynomials P and () have a common root in K.

It is worth mentioning that resultants can be defined for polynomials with coefficients in a
ring R and their resultant will still be an element of R. A sharp analysis may determine
in which structure amongst R, the fractional field of R or its algebraic closure lies each of
the scalars discussed in this section. It is however not the goal here and we will stick with
fields for simplicity, not rings.

Resultants are extremely useful for implicitization because they are able to eliminate a

variable from equations. For example, let V = {(ﬁg;, ;ﬁ%) |t €K, fo(t) # 0} be a ra-

tional plane curve, with gcd(fo, f1, f2) = 1. Then, V is the set of points (z,y) such that

3t, fo(t)x — fi(t) = 0and fo(t)y — fo(t) = 0. Therefore, Res,(fo(t)x — fi(t), fo(t)y — fa(t))
is the implicit equation of /', where Res; is the Sylvester resultant w.r.t. the parameter ¢.

This gives us a first resultant-based method for implicitization of plane curves. More gen-
erally, resultants are taken w.r.t. variables of the parametric space in implicitization algo-
rithms because those are the ones we want to eliminate from equations.

Since Sylvester, resultant technics have been generalised.
Definition 5. A resultant is an map that takes d + 1 polynomials in d variables as input,
returns a single scalar as output and verifies the following properties:

* the output is zero if and only if the input polynomials have a common root in an
algebraically closed field extension of K and

« it is polynomial with respect to the coefficients of the input polynomials.

In other words, Res : A — K, where A C K[ty, ... ,td]d+ L is a resultant if it is a polynomial
map and

RootsOf(Res) = {(Fy, ..., Py) € A | 3ty, ...ty such that Vi, P(ty,...,ts) =0}  (2.3)
Similarly, ahomogeneous resultant takes d+1 homogeneous polynomials in d+1 variables

as input and satisfy the same properties, where a common root is to be understood as a
root in a projective space (P*(K) or (P! (K))d).
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The space of polynomials K|ty,...,t, is thus replaced by the space of homogeneous
polynomials K[, . . ., t4]"™ for homogeneous resultants. The homogeneous approach is
more robust in the sense that it K[to, .. .,t4]°", the set of homogeneous polynomials of
degree ¢, is a vector space. This allows A to be a vector subspace of (K[to, - ,td]“"m)d“.
For instance, C[t, s]5°™ ~ C? ~ (a, b, ¢) where an isomorphism is (a, b, c) + at® + bts + cs>.
Then,

a 0 d 0
v oon . |boa b d
Res(a,b,c,a’, b, ) = c b od Y
0 ¢c 0 ¢

=a’*c? — abb'd + ac(b* — d'd) + a*c* — d'Vbe + d'd (b* — ac)

is a homogeneous resultant for A = (C[t, s]j°™).

The same formula for non-homogeneous polynomials, which is a Sylvester resultant, van-
ishes on couples of polynomials of degree 1 even when they do not share a common zero
(bt + c and V't 4+ ¢ may not share a common zero unlike w(bt + cw) and w(b't + c'w)). Thus,
a valid set A must not contain such couples and is typically not a vector space but only a
dense subset of a vector space.

Although a resultant must be polynomial, it is not always the most efficient to compute the
polynomial form. Since Sylvester gave a determinantal formula for his resultant, several
generalisations have been searched as determinantal formulae too.

One of the key points for generalisations of Sylvester resultants is the space A in which
lies the polynomials and a basis of which is a suitable set of parameters. Forinstance, with
the homogeneous polynomials P(t,s) = pys® + pst® and Q(t, s) = q.ts* + ¢»t?, one could
be tempted to search for a polynomial with respect to py, ps, ¢; and ¢;. The homogeneous
version of the Sylvester resultant, however, requires to introduce the "missing” parameters:
A = (po, p1, P2, P3; Qo> @1, G2) = K[t]s x K][t],.

Determining the minimal set of parameters to use - that is, a suitable space A in order to
guarantee the existence of a resultant - is one of the practical problems to explore.

2.2.1 Macaulay resultants

The Macaulay resultant is the most direct generalisation of the Sylvester resultant: it de-
tects the existence of common roots of more than two polynomials in several variables and
it expresses a resultant as a determinant of a matrix, the Macaulay matrix. The Macaulay
resultant is defined for a collection of d + 1 polynomials Py, ..., P; € K[ty,...,t4) in d vari-
ables and of respective degree ¢, < --- < §,;. For convenience, we note t* := t’fl .. .t’;d
the multi-index power and |k| := k; + - - - + k4 the £*-norm of the multi-index k. We write P;

as:
Pi(tl, Ce ,td) = Z Ci7ktk.
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Since the number of common zeros of d generic polynomials is known to be the product
of their degrees, by the Bézout theorem, we expect the resultant of d + 1 polynomials
Py, ..., P, to satisfy the following:

Vi €{0,...,d}, degp,(Res) = [ ¢; (2.4)
JF

where degp, is the degree w.r.t. the coefficients of .

The Macaulay resultant is relevant when most of the coefficients ¢, ;, are non-zero. For
polynomials with many zero coefficients, the sparse resultant discussed in the following
section is more efficient.

Consider the power v := <Zf:0 51) — d and the set of monomials S := {¢* | |k| < v}. Then

partition S into S, U - - - U S, recursively as follows:

Sq:={m € S |deg, (m)>d;}
S = {m € (5\S) | deg,, ,(m) > ds1}

etc.
Sl = {m & (S\ Ulc'lzg Sz) ‘ degt1 (m> Z 61}
So =5\ Uf:1 S

where deg,. is the degree w.r.t. the parameter ¢,.

This partition satisfies the following property (see figure 2.1 and [48]), which is to be com-
pared with the equation (2.4).

[Bol =[] 6 and |Bi| > [ ] 4 (2.5)

J#0 J#i

We may now define the Macaulay matrix M as the matrix of size |S| x |S| with columns
indexed by S and rows expressing m Fy, Ym € Sy and téﬂiPi, Ym e S;, fori e {1,...,d}.

Theorem 3. [48] The resultant of P, ..., P, is the quotient of det(M) by the minor of M
obtained by omitting the rows and columns corresponding to all the reduced monomials,
where a monomial m € S is said to be reduced when

deg(m) = v and 3li € {1,...,d} such that t’
{ ordeg(m) <v—dyandViec {1,...,d},t% {m

P(](S, t) = Up + U1S + Ugt
Example 3. Let { Pi(s,t) = —1+2s+s*+t+st Itis called the u-resultant of P, P,
Py(s,t) = —1+3s+ s> +2t — 12
because it allows to solv P, = P, = 0 by introducing F,. A Macaulay matrix is the
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Figure 2.1: The partition of S with d =3 and 6 = (1, 3,4,5)

following.
1 s t st s & 2t 2 st P
Uo Uy U9 0 0 0 0 0 0 0 P()
0 Up 0 U Uy 0 0 0 0 0 S P()
0 0 Up Uy 0 0 0 U9 0 0 tpo
0 0 0 U 0 0 Uy 0 (%) 0 st P{J
-1 2 11 1 0 0 0 0 0 P
0 -1 0 1 2 1 1 0 0 0 s P
0 o -1 2 0 0 1 1 1 0| th
-1 3 2 0 1 0 0 -1 0 0 Py
o -1 0 2 3 1 O 0 -1 0| sh
0 o -1 3 0 0 1 2 0 -1/ th

Its determinant factorises to (ug+uy —usg)(ug — 3uy +uz) (up +usz) (u; —uz), which expresses
the common roots of P, and P,: (1,—1), (=3,1), (0,1)and (0:1: —1).

The minor relevant to the Macaulay resultant is the submatrix corresponding to the columns
1 0

indexed by s?,t*> and the rows indexed by P, P»: L 1l

The Macaulay resultant can be adjusted to a homogeneous resultant without any difficulty:
the homogeneous version is the original and the most robust. Indeed, the vanishing of the
Macaulay resultant determines the existence of a common root in P4(K).
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2.2.2 Sparse resultants

The sparse resultants improves the Macaulay resultant in the sense that it also gives a
determinental formula but uses a smaller matrix. The reduced matrix size comes from the
fact that not all the parameters corresponding to monomials of smaller degrees than the
polynomial degrees are required to construct a resultant but only a part of them. In other
terms, it is a refinment of the polynomial space A.

.........

.....

.....

Definition 6. The support of P is the set Supp(P) C N¢ of indices k such that c;, # 0.

The Newton polytope (or Newton polygon if d = 2) of P is the convex hull of its support:
NPolytope(P) := Hull(Supp(P)).

The Newton polytope of a generic polynomial of degree ¢ is thus the simplex of dimension
d and side-length . Newton polytopes give finer informations on polynomial supports than
their degrees. It allows to create resultant formulae more fitting to sparse polynomials, that
is polynomials with many zero coefficients (when looking at the coefficients corresponding
to monomials of lower degrees than deg(P)). When applied to non-sparse polynomials,
the Newton polytopes are simplices and the sparse resultant matches with the Macaulay
resultant.

We present two results using Newton polytopes: they can be used to compute the number
of common roots of d polynomials in d variables and build a resultant matrix of d + 1
polynomials in d variables.

Number of common roots.

We first consider d polynomials P;,..., P; in d variables and A,,..., A, their Newton
polytopes. Additionally, we make the assumption that these Newton polytopes are d-
dimensional polytopes.

Definition 7. The Minkowski sum of polytopes is A; + A; :={a+b|a € A;,b € Aj}.

The mixed volume of (4;); is given by:

MV(AL,... Ay = > (=) Vol <Z Ai) (2.6)

Ic{1,....d} iel

Equivalently, MV is the multilinear map w.r.t. the Minkowski sum and scalar multiplication
SUCh that MV(Al, Al, ce . ,Al) = d‘ VOl(Al)

Py(s,t) =1+ s+t + s

Example 4. Let{ Pi(s,t) = s+t + s>t +s*t*> . Then the Newton polygons of P, P, and
Py(s,t) =1+s+t+ st

P, and their Minkowski sum are the ones displayed in figure 2.2.
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Figure 2.2: Newton polygons of the polynomials in the example 4 and their Minkowski sums

Theorem 4. [4] The number of isolated common zeros (counted with multiplicity) of d
polynomials in (K\{O})d is bounded by the mixed volume of their Newton polytopes:

#RootsOf( Py, ..., P;) < MV(NPolytope(P,), ..., NPolytope(F,)),
if dim(V(Py,...,P;)) =0andt; P, Vi, j

Moreover, this bound is exact for generic polynomials.

Note that if P, is divisible by t;, then the common roots can be split into
RootsOf( P, ..., P,/t;,. .., Py) and RootsOf( P |,—o, . . ., Pi—1lt,—0, Pit1lt,=0, - - -, Palt;o0).

Sparse resultant matrix.

We now consider d + 1 polynomials P, ..., P;in d variables and Ay, ..., A, their Newton
polytopes. Again, we assume that dim(4;) = d, Vi. We will need to compute MV, :=
MV (Ag, ..., A1, Aiy1, ..., Ay) in order to build our matrix.

But first, because the formula 2.6 is not an efficient way to compute mixed volumes (much
like Laplace’s formula is not efficient when computing determinants of numerical matrices),
we present an alternative computation method.

Consider d + 1 generic affine functions L; : R? — R that we call lifting functions. Then
A = 3 Hull((p, Li(p))pea,) is a convex polytope in R*t1. The lower hull of A, that is the
faces (F}); of A such that Vj,e > 0, (F}, — (0,...,0,¢)) N A = 0, is projected to 3, A; € R?
and induces a subdivision of it into convex polytopes .# with F' C RY, VE € .Z.
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Figure 2.3: A subdivision obtained from the lower hull of the lifted Minkowski sum of the
polynomials in the example 4

In this subdivision, the i-mixed cells, that is the polytopes F' € % such that FF = v; +
(Z#i ej> where v; is a vertex of A; and ¢; are edges of A;,Vj, can be used to compute
the mixed volume:

Theorem 5. [24] For generic lifting functions, we have:

MV; = MV(Aq, ..., Ais1, Ajpr, .., Ag) = Y Vol(F)
F

where the sum is taken over i-mixed cells F.

The sparse resultant matrix is constructed as follows: after constructing the subdivision
above with generic lifting functions, pick a random vector € € R? with ||€]]., < 1 and
consider the points £ := ((>_, A;) + €)NN. All these points p € £ belong to the Minkowski
sum of (A;); and moreover, can be associated to an unique face F, € .# such that (p—¢)
F,, provided that €is generic enough.

Then, define the following connection:

RC:& —{0,...,d} x N

F=v+(2u ej> if £, is an i-mixed cell

p —(i,v;) such that (2.7)

F, =v; + Z#Mj> otherwise

where v; is a vertex of A;, e; are edges of A; and \; are sub-faces of various dimensions
of A;. In the second case, there are several choices for ; because F), is the sum of several
vertices and sub-faces of high dimensions; we pick the highest index ¢ contributing to F,
with a vertex in that situation.
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Figure 2.4: Newton polygons of the homogenized polynomials of the example 4 (purple) and their
Minkowski sum (blue)

Now we can build a sparse resultant matrix with rows and columns indexed by &:

M - (Ciyq_p+vi)p7q€8 (2'8)

where ¢, ;. is the coefficient of ¢* of the polynomial P, (or ¢;;, = 0 if k ¢ Supp(P;)) and
RC(p) = (i,v;). Itis a square matrix of size equal or greater than >, MV,. It can be seen
as the matrix of the map (Qo, ..., Qq) — >, @Q; P, in the canonical basis of £.

Theorem 6. [24] Consider d-dimensional polytopes Ag,...,A; C N? and let
A= {(F,.... Fa) | Supp(F;) = Ai}.

Then there is a resultant Res, for polynomial collections (P, ..., P;) € A. This resultant
is of degree MV, w.r.t. the coefficients of P,. Moreover, the determinant of the matrix M
constructed in (2.8) is a multiple of Resx.

We developed a C++ implementation of this sparse matrix construction algorithm. It is
available at http://users.uoa.gr/~claroche/publications/SparseResultant.zip.

Comparing the degrees, one can see that the determinant of M is equal to Resa (up to
a constant) when the cells F, considered in the formula (2.7) are all mixed cells. That
construction depending on both the lifting functions and the shifting vector ¢, one can
tweak them in hope of obtaining a smaller matrix at the end.

However, as for the Macaulay matrix construction, it is known that the extraneous factor
can be expressed as a minor of the matrix M.

Finally, we say a few words about the projective versions of sparse resultants.

When applying the construction to homogenized polynomials, we obtain more symetric
Minkowski sums as seen in the figure 2.4. The simplex obtained with dense polynomials
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corresponds to a regular simplex. The condition of having polynomials non divisible by ¢;
is seen as having at least one point that belongs to the Newton polytope on each border
of the regular simplex. Since the polytopes are not d + 1-dimensional, the mixed volume
formula of Theorem 5 does not apply, but a scaled formula can be used:

_ Vol(r)
W Vi

Fe{i-mixed faces}

However, the sparse resultant formula does not discriminate polynomials having common
roots in P%(K) but rather the polynomials having common roots in the toric space (P*(K))
as shown in [14, Chapter 7, §3].

2.3 Interpolation matrices

This section describes a direct method to reduce implicitization to linear algebra by con-
structing a interpolation matrices M and M(x), given a plane curve or a (hyper)surface in
parametric form or as a point cloud. The matrix is indexed by all possible monomials in the
implicit equation (columns) and different values (rows) at which all monomials get evalu-
ated. The vector of coefficients of the implicit equation is in the kernel of these matrices,
even in the presence of base points. This idea has been extensively used, e.g. [2, 21].
The matrix is somewhat different in [12], which is the method implemented in Maple for
implicitization via the algcurves[implicitize] command. The latter method consists of
expressing the implicit equations as the kernel of a carefully chosen integral form. It ac-
cepts non-algebraic parameterization and can still return formal implicit formulae provided
that the integral form can be expressed with a formal formula (the integrand is polynomial
in the parametric input equations). Alternatively, this method can perform floating-point
computations and return approximate implicit formulae.

In [27], sparse elimination theory is employed to predict the implicit monomials and build
the interpolation matrix. The monomial set is determined quite tightly for parametric mod-
els, by means of the sparse resultant of the parametric polynomials, thus exploiting the
sparseness of the parametric and implicit polynomials.

More specifically, if the input object is affinely parameterized by rational functions as in the
equations (3) then it is possible to predict the implicit monomials. This set is included in
the predicted (implicit) polytope computed by software ResPol[25]. If the input is a point
cloud, we consider a coarse estimation of the monomial set by guessing the total degree
of an implicit representation and taking all the monomials of that degree or lower. Let S
be the predicted set of implicit monomials and |S| its cardinality.

The set S is used to construct a numerical matrix M, expressing a linear system whose
unknowns are the coefficients ¢; (i = 1, ..., |S|) of the monomials S in the implicit polyno-
mial, as discussed above. If the input object is a parameterization, we obtain the linear

system in the ¢; by substituting each z; by its rational parametric expression z; = }2&3
a1

in the equation Zli'l ¢z = 0, where z% := z{"* - - - x2». We then evaluate the parameters
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t = (ti,...,tq) at generic points (randomized in practice) 7, € C* ', k=1,...,u, p > 19|,
avoiding values that make the denominators of the parametric expressions close to O.
Each evaluation gives a linear equation in the coefficients ¢;.

Letting m; = m;(t) denote the monomial z% after substituting each xz; by its parametric
expression in the equations 3, and m,|,—,, its evaluation at ¢ = 7,,, we end up with a matrix
M of the form:

ml’t:‘rl o m|S| |t:T1

M pr—
m1|t:T,L e m|S\ |t:TM
Typically i = |S| for performing exact kernel computation, and . = 2|S| for approximate
numeric computation.

If the input object is given as a point cloud, we take 1 random points out of it (¢ > |S|) and
use them instead of the points evaluated at the parameters 7., k =1,..., u.

Let M’ be the (|S| — 1) x |S| numeric matrix obtained by evaluating the monomials S at
|S| — 1 points 7, k =1...,]S| — 1. We obtain the |S| x |S| matrix M (z), which is numeric
except for its last row, by appending the row of monomials S to matrix A':

- (1) 29

where we use the notation S(z) to emphasize that this is the only symbolic row of M (x).
Notice that matrices M, M’ and M (p), for a point p lying on the hypersurface, have the
same kernel. Matrix M (z) has an important property:

Lemma 7. [26, Lemma 7] Assuming M’ is of full rank, then det M (x) equals the implicit
polynomial up to a constant.

We now generalise this interpolation matrix construction to the case of varieties of codi-
mension greater than 1.

Let V' C K" be a variety of any codimension given parametrically or as a point cloud. Given
a set of monomials S, we randomly pick p (¢ > |S|) points 7, € V, k= 1,...,uon V either

from the input point cloud, or as evaluations 7, = <§;EZ§§, e J}zg::;) of the input parametric

Ml
equations at random points 7. Then we construct the interpolation matrix M (z) = (S( ))
X
as previously, where M’ is a numeric submatrix, © = (z1, ..., x,) are symbolic coordinates
and S(x) is a row of symbolic monomials in x.

Recall that the support of a polynomial is the set of powers of the monomials appearing
with non-zero coefficient. We write Supp(S) := U,,cs Supp(m) and define the following
set of polynomials:

P ={P € Clzy,...,z,] | Supp(P) C Supp(S)and V¢ €V, P(¢) =0}.
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P is a C-vector space. We assume that S contains all the monomials of a set of generators
oftheideal Z(V),i.e. V ={{ € C* | VP € P, P(£) = 0}. This construction is summarized
in the algorithm A.1.

Suppose also that the points 7, £k = 1,. .., u, defining the rows of M’ are chosen generi-
cally enough, so that for all P € C[z] with monomials in S, we have:

P(Zr)=0,Vke{l,...,u} < PeP

Then, the matrix M (x) has a drop-of-rank property but weaker than that of Lemma 7 in
the sense that M’ is not of full rank.

Lemma 8. [29, Lemma 4] Assume we built M (x) using a set S that contains all the mono-
mials of a set of generators of the ideal Z(V'). Then, for ¢ € C", ¢ belongs to V' if and only
ifrank(M (§)) < rank(M (z)), where it holds rank(M (x)) = rank(M') + 1.

Proof. Using the basis S of monomials, we consider the canonical complex space of di-
mension | S|, CI¥l. Itis isomorphic to the space of polynomials { P € C[z] | Supp(p) C Supp(S)}.

By abuse of notation, the image of P under this isomorphism will also be called P. By the
hypothesis on genericity of 7, £ = 1,..., u, we have that Ker(M’) = P. So, for £ € C",
we have:

EeV

< VP € P, P(§) = 0(by the hypothesis that P characterizes V')
< Ker(M(&)) =P = Ker(M')

<= rank(M(§)) = rank(M') < rank(M (x)).

]

In practice, taking 1 = |S| and random points 7, £k = 1,..., u, is enough to satisfy the
hypothesis of Lemma 8. The set of monomials S is hard to determine optimally. One can
estimate bounds on the degree of implicit representations of V' and take all monomials
of degree up to that bound, which usually leads to more monomials and a larger matrix

M (x) than needed. If the input is a rational parameterization (%, Cee f—z) of V, we have

an upper bound of deg(V) given by deg(V) < []~, max;(deg, f;) where deg, f; is the
degree of f; in the i-th parameter.

The drop-of-rank property readily leads to a computation of the implicit equations repre-
senting V' set-theoretically, either by computing all the maximal non-zero minors of M (z)
containing the last line, which is inefficient in practice, or by computing the nullspace of
M.

The matrix representations given in Chapter 5 also have drop-of-rank properties but they
are much smaller. The construction of those matrices, unlike M (x) presented here, relies
on syzygy computations and is thus slower. However, those methods are overall more
efficient because of the faster rank computation at each point evaluation.
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3. SWEPT VOLUMES

In this section, we introduce the notion of rigid transformations and swept volumes. These
two notions are used in CAGD for designing 3D objects through boolean operations. Con-
sidering a shaping tool B, like a drilling or milling machine, progressively removing parts
of a 3D object O, the movement of the tool will follow a time-dependent rigid transforma-
tion 7(¢) assuming that it cannot be deformed. The result of this operation is a shaped
3D object O’ that is the difference of the base object by the tool swept along that rigid
transformation:

O" = O\T (B), where T (B) = U[T (¢)](B)

The goal of this section is to give an efficient implicit representation of the swept volume
T(B). This implicit representation is then used to perform the above boolean difference
with the object to be shaped.

In the following, the shaping tool B is called the base volume in opposition to the swept
volume T (B).

Starting with a point cloud of the base volume, we build a data structure enabling this kind
of operations:

« Given a point P € R?, does the point P belong to the swept volume 7 (B)?

What is the distance between P € R? and 7(B)?

» Given aray R, whatis the first intersection of R with 7(5)? What are all its intersec-
tions?

 Given an other object O, what is the boolean subtraction O\ 7 (B)?

One way to proceed is first generate a point cloud of the swept volume and then implicitize
that point cloud (depicted in red in Fig. 3.1). Here, however, we take a different path: we
first implicitize the base volume and only then we use the transformations to build an
implicit representation of the swept volume (depicted in grey in Fig. 3.1). This way, we
can build an implicit representation that fits to the swept feature of 7(B), allowing more
details in its geometry due to the fact that the details of the base volume is carried to the
details of the swept volume.

Constructing a data structure suited for swept volumes not only allows to perform implicit
operations but also give more specific answers such as: if a point P belongs to the swept
volume, for which ¢ is it inside [T (¢)](8B)? which part(s) of the base volume meet with P?
etc.
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Point Cloud of Inputs: of base volume
s Implicit swept volume
representation v r Point )
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representation
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Figure 3.1: Two possible representation strategies: construct a data structure of the swept point
cloud (left), construct a data structure using both the point cloud of the base volume and
transformation informations (right)

3.1 Implicitizing a point cloud

Definition 8. A local implicit representation of a base volume B is a collection (A;, F;)1<i<n
of bounded areas A; (cubes, balls, ...) and of implicit procedures F; : A; — R. The 3D
model B is then given by B = {(z,y,2) | (x,y,2) € A; and F;(x,y,z) < 0}.

We first describe two different ways of constructing a local implicit representation of a base
volume from a given point cloud. The two algorithms presented here need a point cloud
with both point coordinates and normals.

In the following, P and A are a given 3D point cloud of an object’s surface and the outer
normals of these points, respectively.

3.1.1 MPU method

The Multi-level Partition of Unity implicitization[52], or MPU, is an algorithm generating an
octree-based local implicit representation. In other terms, the areas A; are cuboids whose
edges are parallel to the axes. A local approximation procedure F; can be of three types
in order to adapt to the local shape of B:

(a) a general 3D quadratic polynomial,
(b) a bivariate quadratic polynomial in local coordinates,

(c) apiecewise quadratic polynomial for representing edges and corners (2, 3 or 4 pieces
depending on the situation).
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At each step of the algorithm, we subdivide the cuboids inside which the local approxi-
mation are not precise enough into 8 smaller cuboids. Then we update the local approxi-
mations inside these 8 smaller cuboids. In order to increase the representation’s smooth-
ness, the local approximation inside a cuboid is computed by taking into account all the
points inside an ellipsoid containing the cuboid. The precision of a local approximation is
computed using the Taubin distance (see [68]).

When computing local approximations of type (a), we first generate a small pointset () that
can be used to obtain a reliable estimate of a signed distance function. We then compute
the quadratic polynomial f that minimizes the following quantity:

1
S w2 P )+ i Ut (31)

w(p; =

where w, d and () are defined in the algorithm A.3.

In the case of local approximations of type (b), a local coordinate system (u, v, n) is intro-
duced, where n is a weighted arithmetic mean of the point cloud’s normals. A bivariate
quadratic polynomial f in (u, v, n) is then a polynomial of the form:

f(p) =w — (020U2 + c11uv + COQU2 + c1ou + Co1v + Cgo) (32)

where ¢;; are the polynomial’s parameters and u, v, w are the coordinates of the point p in
the coordinate system (u, v, n).

In the case (c) of a sharp feature, we compare the different normals in order to determine
whether there is an edge, a three-sided corner or a four-sided corner (see [43]). Then, we
split the points into two, three or four pointsets respectively and compute local approxima-
tions f, of types (b) on each of these pointsets separately. The local implicit procedure is
then given by f(p) = miny fi(p).

The algorithm A.2 sketches the main loop of MPU while the algorithm A.3 details the
computation of the different types of local approximations.

3.1.2 Slim method

The Sparse low-degree implicitization[53], or Slim, is an algorithm generating an ball-
based local implicit representation. In other terms, the areas A, are balls and intersections
of balls. The local approximation procedures F; are bivariate quadratic polynomials in local
coordinates, much like the procedures of type (b) of the MPU method. We can use a more
restricted variety of local approximation procedures because we have a better control over
the positioning of the areas. Indeed, while the MPU areas are all cuboids (or cubes in the
rescaled space) partitioning the object’s bounding box, here we use spheres that we can
centre on the object’s surface, with no fear of having remote areas containing only a small
portion of the object in its corner.

The drawback is the need for overlapping spheres in order to cover the whole object. As
polynomial continuity can hardly be satisfied in the overlapping areas, and certainly not
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with low-degree polynomials, another approach is used: in these areas, the polynomials
are weighted depending on the point’s distances to the centres of the overlapping balls.
Of course, the weights are computed on-the-fly when the ownership of a query point is
asked (or the intersection of the object with a query ray must be computed): only the local
quadratic polynomials tied to single balls are stored in the representation.

Also, the query points that are not covered by the spheres may be inside or outside the
object. When asking the ownership of a query point ¢ in this situation, simply search for
its nearest neighbour p in P and check the sign of < ¢ —p, n > where n is p’s outer normal.
When negative, ¢ is inside the object with a signed distance close to —||p — ¢||. When
positive, ¢ is outside the object with a signed distance close to ||p — ¢||.

Slim uses compactly supported Gaussian-like weights:

1 .
Gar) = P <_1—(7~/R)2) tre (=R ) (3.3)
0 otherwise

We first need to cover P by a set of balls of a given radius. A simple and efficient way
to do it is to pick a random point from P as the centre of the first ball and then continue
picking random points as the centres of the subsequent balls amongst those that are not
yet covered. This way, the centres of all the balls used in the algorithm are points of P.

Givenaball B = B(c, R), arough estimation of the surface’s normal » close to c is obtained
as the average of the normals of P N B. A local coordinate system (u,v,n) centred on ¢
is used: quadratic polynomials in this local system are of the form (3.2). The best local
approximation w.r.t. the ball B is then the quadratic polynomial F'z minimizing the following
quantity:

> Gallp—cl)Fe(p) (3.4)

pEPNB(c,R)

Once a local approximation F is computed, two rankings are assigned to a radius p:

)= Y Fs)

pEPNB(c,p) (35)
E(p) :=€(p) + MTwoL/p)*

where Typ_ is a parameter and \ is a regularizing constant computed once: it is set as the
average of the minimum eigenvalues of the co-variance matrices of each point p € P with
its ten nearest neighbours in P\{p}.

With this, the Slim algorithm consists of the computations of local approximations w.r.t.
balls of gradually smaller radius p, and stop when the quantities E(p,) attains a suitable
local minimum. The balls and local approximations computed at each step can be kept in
order to have a multi-scale approximation: if only a rough approximation is required for a
specific query, we can use the few big balls of early steps instead of the many small balls
of late steps.
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Figure 3.2: Slim: ray intersection in overlapping spheres.

Once the representation structure is generated (see A.4), the only thing left is how over-
lapping areas must be dealt with. Consider a query point ¢ € B; N --- N B,, where B,
are balls of centre c¢; and radius r; given by a Slim representation. Then F .., (¢) ==

> Gri(lla = ¢l) Fs,(q)
> Gri(lla =gl

way, the transitions of the surfaces between the balls B; are smoothened.

> Gri(llgs — ¢l

Zj G"'j(”Qj - Cj”)

where ¢; are the intersections of ¢ with the local surfaces given by F'5; and the balls B;
taken into account are only the first ones:
{B;}, .= {ball B of the Slim representation such that /N B, N B # 0,
where B, is the first ball intersected by ¢} (see Fig. 3.2).

. The query point ¢ belongs to the object iff F'5,..n5,,(¢) < 0. That

Similarly, the intersection of the object with a query ray / is given by

3.2 Swept volume data structure

Definition 9. A rigid transformation 1" is a map

T: [a,b] — Iso(R?)
t > Transl,q o Roty) s+
wise polynomials and Transl,, Rot, s , are respectively the translation of vector v and the
rotation of Euler angles («, 3, 7).

A swept volume T (B) of base B and of rigid transformation T is T (B) := U5 [T (t)](B).

where v : [a,b] — R? and «, 3,7 are piece-

Example 5. Let B be a capsule-like shape:
B = ((B((—2,0,0),v2),y* + 2*> — 2 — 2),
(B((0,0,0),v2),y* + 2* = 1),
(B((2,0,0),v2),3> + 22 + = — 2)) where B(x,r) is the ball of centre x and radius r
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And T a linear interpolation between Id and Transl 16 ) o Roty . o-

cos(wt) 0 —sin(nt) x 0
[T,y 2) = ( 0 1 0 ) . (y) + (1615) , fort € [0,1]
sin(nt) 0 cos(nt) z 0

This swept capsule-like shape is drawn in figure 3.1.

We describe how, given B and T, we construct a local implicit representation of 7 (B).

In previous works, such implicit representation of swept volumes have been developed
for specific types of base volumes. For instance, the boundary of swept volumes of con-
vex polyhedrons are ruled surfaces; that property is used for the implicitization algorithms
described in [42, 72]. As swept volumes have many applications in robotics and collision
detection, another algorithm described in [69] handles base volumes made of shifted con-
vex polyhedrons (i.e. points at a given “safety” distance of a convex polyhedron). Also,
in [56], swept cuboids are approximated for the purpose of a real-time planning of a walk-
ing robot’'s movements. In the following, though, we assume that the base volume can be
anything in the range of the definition 8.

Let B be a bounding box of 7(B). We split B into cells (C;)i<j<p and compute
A = {(A;, [to, t1]) | Yt € [to, t1], C; N [T (¢)](A;) # 0}. It is the list of local areas of B in-
tersecting the cell C; along the swept transformation and the times between which they
intersect (see the figure 3.3. How we split BB into cells and how we compute (A;); in
practice is explained further.

Given a swept volume, we choose a suitable partition (C;); and compute (A;); once.
The tree structure given by (C}, .A;); is our preprocessing structure. It allows to filter the
relevant areas used for checking whether a point belongs to the swept volume or not.
Proceeding that way, the local procedures F; are not requested at all at the preprocessing
step: only the intersection of relatively simple objects, the moving areas (moving spheres,
moving cuboids,...) and the cells (rectangular cuboids), must be computed.

Once the tree structure is known, let P € R? be a query point. If P ¢ B, we return
that P ¢ T(B). Else, using the preprocessing structure, we find j such that P € C;
in O(log(M)) time complexity. We then perform more accurate checks on P, using a
numerical solver to find

min { £([T(t)"'|(P)) | A; and t are in A;}

This can be performed in O(|.4;|log(e~!)7;) worst-time complexity using the bisection al-
gorithm, where ¢ is the solver precision and 7; the size of the time segments [, ;] in
A;. It can be performed faster if the hypotheses on F; allow better algorithms to be used
(typically, the Newton method when one can compute the differential of F;).

Thus, we want |.4,| and 7; to be rather small. We are interested in computing a partition
of BB by cells (C;); minimizing the following quantity:

M
Cost((C});) := log(M) + %va(cj)wjm (3.6)
j=1
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The use of a mean measure weighted by the size of cells instead of the maximal value is
motivated by the objective to give an implicit procedure that would likely be used on a lot
of points. One can add more sophisticated weights if parts of the models are more likely
to be processed than others (for instance, if there is a visible face of the swept volume and
a back face that is not usually rendered). Such a weight can be introduced by considering

Cost,,((C});) = log(M) + mzjﬂil (fwecjw(x) dx|Aj|7j) where w : B — R, is
a bounded user-specified weight that is high-valued in the important areas of the swept

volume and low-valued in less important areas.

In order to minimize the cost, we split the bounding box of the swept volume, B, according
to the following procedure:

1. Start with a trivial partition O, := B.

2. Pick many parameters (¢x); in [a, b] and consider the rigid transformation at time ¢,
applied to the local areas, S, := [T (tx)](A4;).

3. While the cost of the partition (3.6) decreases, pick the cell with the largest (weighted)
volume and split it along a coordinate in two other cells c¢;,c; by optimizing
#{(i,k) | Sir Ner # 0 +#{(@ k) | Six N2 # 0}

4. For the cells of the boundary, find the best split that would generate an emply cell
(i.e. with no intersection with U; 1.5; ). If that empty cell has a surface large enough
(possibly weighted by w), then perform the split.

Now, we develop the way to compute A;, the local areas intersecting the cell C;. This
step relies heavily on the basic shapes used for the local areas A;; the method must be
adapted depending on what shape is used. Since the cells C; themselves are rectangular
cuboids, the computation of A; consists of solving rectangular cuboid/rectangular cuboid
intersection problems (when B was generated by MPU) or sphere/rectangular cuboid in-
tersection problems (when 5 was generated by Slim) etc., one of which being moving
(i.e. depending on a parameter t). Either A; or C; can be chosen to depend on the time
parameter; this choice corresponds to solving either one of the two equivalent problems:

Solve [T (t)](A;) N C; # D w.r.t. ¢, (3.7)
Solve [T(#)')(C;) N A; # D w.rt. t. (3.8)

When A, is a sphere, it is more efficient to use the first alternative since it means applying
T (t) less times (we apply it only on the centre of the sphere, instead of applying it to each
of the 6 cuboid’s faces). When A; is a more complicated shape than C;;, we use the second
alternative instead. That is what we do when deciding whether a point P belongs to 7 (B):
we compute parametrically the ownership of [T(¢)~!](P) to B instead of the ownership of
P to [T (t)](B).

Let fi—1, fr.+1 (With & € {1,2,3}) be the normalised equations of the 6 faces of C;. For
ease of notations, we will use k, £’ and k" such that {k, &', k"} = {1, 2, 3} so that each one
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Figure 3.3: Tree structure (C;, A;); in 2D with circles as local areas (yellow). The rigid
transformation (black curve with orientation) is applied on the local areas (purple surface) and
used to construct the cells (green): each one of these cells is associated with the part of 3 and the
time span that are relevant. Note that the local implicit procedures F; are not involved at this step.

b

/b/

corresponds to one coordinate. By normalised equations of faces, we mean equations of
the form f;, .1(P) = P.i—d where 7 is the unit outward-pointing normal and d is a suitable
constant (d = Q.7 for a point () of the face). This way, f; ., are the signed-distance
functions of the faces of C;. Notice that, since the cell C; has the same orientation as the
axes, fr +1 actually depends only on one coordinate. Also, let ey ,, 4/ o, (With oy € {—1,+1})
be the edge of C; defined by fi,, = fwe., = 0 and v, ,,., be the vertex defined by
Ji.00 = fo.0 = f3,05 = 0.

Now, suppose that A; is a sphere of centre O and radius R. The moving centre [T (¢)](O)
is thus given by O(t) := M(t).O + v(t) where M(t) is the rotation matrix of Euler angles
(a(t), B(t),~(t)). The problem (3.7) can then be described by the following equations:

fk:,al (O(t)) —R;=0 and fk’,:l:l(o(t)) <0 and fk//7i1(0(t)) <0
or Dist(O(t), ex.oy47.0,)° — B> =0 and fy.,,(O(t)) > 0and fi ,,(O(t)) > 0and frr+1(O(t)) <0
or Dist(O(t), Vs, .09.05)° — B> =0 and f,,,(0(t)) > 0and fy,,(O(t)) > 0and f3,,(0(t)) > 0

which makes 6 equations to solve for the first case, plus 12 for the second case and 8 for
the third case for a total of 26 equations per sphere/cuboid couples. For all the solutions
found, several inequalities must be checked but these are not expensive.

Remark 1. Note that it is possible to approximate the structure A; by solving f. ., (O(t)) —
R; = 0 instead. When doing that, there are only 6 equations to solve per sphere/cuboid
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couples, which effectively makes the preprocessing computation faster at the price of a
slightly slower runtime for membership checks and ray intersections.

An other way to speed up this preprocessing step, notice that if an area A; is in contact
with a cell C; fort € [ty,t1], then the A, cannot be in contact with any cell C; such that
Dist(C;, C;/) +Diameter(A;) +Diameter(A;) > Dist(A;, A) in the same time period. Thus,
using the informations on the already computed area positions allows to filter out a few
cells when processing the areas that are nearby the former one.

The algorithm A.5 sketches how an implicit representation of 7(5) is computed and the
algorithm A.6 shows how to use that implicit representation, both as an ownership oracle
and as a ray intersection test.
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4. CHOW FORMS
One of the implicitization methods developed is inspired by the theory of Chow forms.

4.1 Chow variety

4.1.1 A hypersurface of the Grassmannian space

Chow forms have been studied in computer algebra, in particular for varieties of codi-
mension > 2, since they provide a method to describe the variety by a single polynomial
[17, 31]. The Chow form of a variety V' is basically a polynomial Ry, which indicates when
linear subspaces intersect V. For example, the Chow form of a space curve in projective
3-dimensional space is a polynomial in the indeterminates u;; that vanishes whenever the
planes

Hy = upowo + w11 + wo2w2 + upsrs = 0, (4.1)

Hy = ujowo + unnoy + wiawe + uizrs = 0,

intersect on the curve. Ifthe space curve is given parametrically, the Chow form represents
the variety in terms of Ry. It can be computed by a symbolic resultant of the system of
linear equations (4.1) where the set of variables X = (x;); is substituted with the parametric
equations; the resultant eliminates the parameters and yields a polynomial in the variables
U = (u;);- The implicit hypersurfaces in X containing the variety have to be extracted
through rewriting rules. These make implicitization algorithms that rely on the computation
of Ry impractical for varieties of high degree and/or dimension.

Due to their complexity, very few implementations exist for computing the Chow forms
themselves. Amongst them, [65] is an implementation in Macaulay2, based on the formula
of the Chow form in the Grassmannian space using the Plicker coordinates, and [37,
Subroutine 7] is an algorithm using polynomial ring tools and based on a Poisson-like
formula of the Chow form.

To formally define the Chow form let Gr(k + 1,n + 1) denote the Grassmannian space of
k-dimensional linear projective subspaces of P". For a variety V' C P" of codimension c,
let B(V) C P"* x Gr(c,n+ 1) be the set of (P, L) such that P belongs both to V" and to the
projective linear subspace L of dimension ¢c—1. Then we obtain V' by forgetting the second
component in B(V') and we obtain an hypersurface Z(V) := {L € Gr(e,n+1) | LNV # (i}
of the Grassmannian space Gr(c,n + 1) by forgetting the first component in B(V).

B(V)
v Z(V)
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Figure 4.1: Chow form of a zero-dimensional variety V' = { A, B}:
Ry (uo, u, uz) = (uo + w1 24 + uzya)(uo + w1 25 + u2yp).
It vanishes on lines passing through either A or B.

Z(V) is called the Chow variety of VV and has the advantage of being an hypersurface
in the Grassmannian space, so it is determined by a unique implicit equation up to a
constant factor: the Chow form R,.. Despite being determined by a unique equation,
Z(V') describes the variety V' of unconstrained (co)dimension, see Proposition 9. Note
that when V' is a variety of codimension 1, we have Z (V) ~ V; this explains why the
theory of Chow form is effective only for codimension ¢ > 1. On the other hand, the Chow
form of a zero-dimensional variety V' = {vy, ..., v} is also known as the u-resultant.

Definition 10. Let V C P" be a d-dimensional irreducible variety and H,, . .., H, be linear
forms where

H; = ujoxog+ -+ ujppx,, 1=0,...,d (4.2)

and u;; are new variables, 0 < i < d, 0 < j < n. The Chow form Ry of V' is a polynomial
in the variables u;; such that

Rv(uw):O@Vﬂ{HO:O,,HdZO}%@

The intersection of the d + 1 hyperplanes H; defined in equation (4.2) is generically a
(n — d — 1)-dimensional linear subspace L of P", i.e., an element of the Grassmannian
Gr(n —d,n+1) = Gr(c,n+ 1), where c is the codimension of V.

Proposition 9. [31, Prop.2.5,p.102] A d-dimensional irreducible variety V' C P" is uniquely
determined by its Chow form. More precisely, a point ¢ € P™ lies in V' if and only if any
(n — d — 1)-dimensional plane containing ¢ belongs to the Chow variety Z (V') defined by
Ry.
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4.1.2 Computing and using Ry

One standard way to compute the Chow form would be to proceed as follows. Consider
a variety V' as in Proposition 9, parameterized as

.%']:f](t), jZO,...,TL, t:(tO . ”':td)7
where f; are homogeneous polynomials of the same degree, and d + 1 hyperplanes
Hy = --- = Hy = 0, where H, is defined as in equation (4.2). Substituting z; = f;(¢)

in every equation H; = 0, we would obtain an overdetermined system of equations in the
parameters t. We would then saturate these equations by the parameterization polyno-
mials f;(t), j = 0,...,n, that is, removing the common solutions of the parameterization
(base points) e.g. by using a Grobner basis method. This step can be ignored if V' has
no base point (e.g. V' is a curve and gcd(fo,..., f,) = 1). Then we could eliminate the
parameters t¢ by using resultants. This reduces the computation of any Chow form to the
computation of a resultant:

Corollary 10. Consider any V' C P" of dimension d, with parameterization x; = f;(t),
j =0,...,n. Then, the Chow form Ry is the resultant of the hyperplane equations H;
(0 < i < d), where one eliminates t.

Here the resultant should be understood, in the sense of Definition 5, as a polynomial that
eliminates the variables of the input equations. In other words, while the variables of Ry
are u;;, its coefficients are polynomials in the coefficients of the parametric homogeneous
functions f;.

The coordinates used to represent points in the Grassmannian, and, hence, to describe
Ry, are most commonly defined as the maximal minors of the (d+1) x (n+1) matrix whose
rows are the normals to the hyperplanes H;. These are known as Pliicker coordinates or
brackets and are the variables of R,.. Brackets are denoted as [jy, ji, - - -, ja|, Wwhere indices
correspond to columns of the matrix. Equivalently, the dual Pliicker coordinates or dual
brackets can be used; these are the maximal minors of a (n — d) x (n + 1) matrix whose
rows are n — d points that span the intersection L of the hyperplanes H;. Dual brackets
are denoted as [[jo, j1,-- -, Jjn—a—1]], Where indices correspond to columns of the matrix.
Brackets and dual brackets with complementary index sets are equal up to sign. There
are algorithms to recover the implicit or affine equations of hypersurfaces intersecting on
V from Ry [31], [66].

Assuming that Ry is a polynomial in the Pllcker coordinates, to obtain a representation for
V" as intersection of implicit hypersurfaces from its Chow form, one may apply a rewriting
method. There are two such methods, namely [31, Cor.2.6,p.102], and [17, Prop.3.1],
see also [66]. They are not straightforward procedures and, in the case of implicitization,
typically yield more implicit polynomials than necessary. All implicit polynomials in X have
the same degree as the degree of V.

To illustrate the approach in [17], let us focus on varieties of codimension 2in P3, i.e., space
curves. Consider the planes Hy, H, in equation (4.1). The Chow form Ry is a polynomial
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in the brackets [jo, j1], where [jo, j1] denotes the maximal minor indexed by the columns
0 < jo, 71 < 3, of the matrix

U — <U00 Upr U2 U03>
Uyp U1 Uz Urz)
Ry is then rewritten as a polynomial in the dual brackets [[jo, j1]], using the relations:
[0,1] = [[2,3]], [0,2] = —[[1,3]], [0,3] = [[1,2]], [1,2] = [[0,3]], [1,3] = —[[0,2]], [2,3] =
[[0,1]]. The dual brackets are then substituted by the determinant wgj,u1j, — wug;,u1;, Of
the corresponding minor of U. Finally, the result is expanded as a polynomial whose
variables are polynomials in the uq, u11, u12, u13 and its coefficients are polynomials in the
Uoo, U1, Ugz, Uoz- The latter polynomials are all of degree equal to the degree of VV and form
a system of implicit equations of V.

Example 6. As an example, the Chow form of the twisted cubic curve with parameteriza-
tion
(zo:ay:a9:23) = (52 : 8% st?: %), (s,1) € P, (4.3)

is given by the following determinant in the primal brackets:

[0, 1] [0, 2] [0, 3]
det { [0.2] [0,3]+[1.2) [1,3]].
0,3 2.3

[0, 3] [1,3] 2, 3]
which is also known as the Bézout resultant of the system of equations (4.1) where we

have substituted the X variables with the parameterization in (4.3). Rewriting this deter-
minant in the dual brackets we obtain:

12, 3]] —[[1,3]] [[1,2]]
det | —[[1,3]] [[1,2]] +[[0,3]] —I[[0,2]
11, 2]] — 00, 2] [0, 1]]

Substituting the dual brackets by the determinant of the corresponding minors of U and
collecting the terms in the variables {uj,} and {u,;, }, we obtain the Chow form of the
twisted cubic:

(U32uO3 - U01U33)U%OU12 + (U01U02U03 - ugg)ufoulg + (U01U(2)3 - U(Z)QUOS)UH)U%
+(U00U§3 - U01U02U03)U10U11U12 + (3 U01U(2)2 —2 U(Q)1U03 - U00U02U03)U10U11U13
+(ugotoruoz — 2 Uoougg -3 U31U02)U10U12U13 + (U33 - U00U01U02)U10U%3
+(ugy — uootgg )ty + (3 uootioztios — 3 uorugy)ui uaz + (Uggos — gy Uty
+(2 UpgoUp1UQ3 — 2 Uooqu)Uglulg + (3 uglu(]g — 3 U00U01UO3)U11U%2
+ (uooUor oz — Uggloz)Ur1ui2uis + (Uggloz — Uootgy Ui uls

2 2 2 2 2
(2 g uos — 2 UgoUozUos)UioUyy + (UooUy — UgoUoz)UiaU13,

where the polynomial coefficients in the {u;} variables are the defining implicit equations
of the twisted cubic.
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In the following, we adopt a practical method that avoids conversion assuming we have a
parametric representation of V. We compute a polynomial whose vanishing is a necessary
but not always sufficient condition for a point to lie on the variety. The algorithm we propose
in Sections 4.2 and 4.3 avoids the computation of the Chow form polynomial and the need
for rewriting techniques. For space curves, we shall achieve the result of Proposition 9 by
computing only a few selected subsets of Z (V).

4.2 Space curves

This section derives implicit representations of parametric space curves by Chow forms.
Our methods avoid complex computations, such as the rewriting algorithm. In particular,
we avoid the explicit computation of the Chow form and instead focus on a proper subset
of the Chow variety that is enough to describe the space curve. Indeed, the Chow form of
a space curve vanishes on a space line L if and only if L intersects the space curve. The
method presented here provides sets of such lines, not all of them, but enough to be able
to retrieve the space curve from them. This is how we proceed:

Suppose that we have a space curve V parameterized as

v=F), j=0,....3, t=(lg: 1),

Let the line L be defined by a symbolic point £ = (&, : --- : &) and a sufficiently generic
point G ¢ V. Define two planes Aff(G,¢, Fy) and Aff(G, &, Py) that intersect along L, by
choosing two random points £, and P, and let Hy(xzo : -+ : x3) and Hy(zg : --- : x3) be

their respective implicit equations, as in (4.1). The coefficients of H, and H; are now linear
polynomials in £&. The (homogeneous) Sylvester resultant (see[14, Chapter 3, Prop.1.7])
of this system, where we set z; = f;(¢), eliminates ¢ and returns a polynomial in ¢ which
vanishes on V' (but not only on V), thus offering a necessary but not sufficient condition,
see Algorithm A.7.

Lemma 11. Let § = deg f;(t), j = 0,...,3 and R be the Sylvester resultant of
Ho(fo(t) = ... 1 f3(1),  Hi(fo(t) : ... f3(2)), (4.4)

where H,, H, are defined as above. Then R is of degree 26 and factors into a degree
polynomial defining a surface SG > V, and a polynomial E2, where E is a linear polyno-
mial defining the plane passing through points G, Py, P;.

Proof. The degree of the Sylvester resultant in the coefficients of each of the H,, Hy, is
0. & is involved linearly in the coefficients of both H, and H;, since it is taken to lie in the
intersection of the two planes. Hence the degree of the sought polynomial in £ is 26.

It vanishes only in two cases: if £ belongs to the plane defined by G, P, and P, or if £
belongs to a line passing by G and intersecting V. Hence we can divide (possibly several
times) the sought polynomial in ¢ by the equation E;, of the plane defined by G, P, and
Py, thus obtaining an equation of the conical surface 85 of vertex GG and directrix V. Since
such a conical surface is of degree 4, its equation is R¢/E?. O
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Theorem 12. Let f : P! — P3, be a homogeneous parameterization of a space curve
V and Sﬁk, k = 1,2,3 be three conical surfaces obtained by the method above with 3
different random points Gy, ¢ V. We distinguish two cases.

1. IfV is not planar and the points G, are not collinear, then V is the only 1-dimensional
component of S&* N S5> N SS*.

2. If V is contained in a plane P and if GG, is not in P, then V =P N S‘C;'l.

Proof. Case (1). Since S‘Cf’“ are three different cones - or cylinders when the vertices G|,
are at infinity -, they have no 2-dimensional component in common. We first reduce the
problem to the case where the verticesare P, .= (0:1:0:0), P, =(0:0:1:0) and
P.=(0:0:0:1). We shall prove that an algebraic space curve is the intersection of the
3 cylinders spanned by the curve itself and of directions 71, ¥, and 75 respectively.

Let C be an irreducible component of (S7* N S7? N S{7?). Since Gy, G2, G; are not collinear,
there exists a map ¢ € PGL(4, C) that sends G, to P,, G, to P, and Gj3 to P,. By linearity
of ¢ (in particular, ¢ preserves alignment), we have ¢ (S‘(fl) = S(f(xv) and similar equalities

for ¢ (Sy7?) and ¢ (S7°). Also, ¢(V') is a homogeneous variety parameterized by ¢ o f.
Thus, if C C S§3, then ¢(C) C Sf(zv). By this argument, we only have to prove that there

is no homogeneous space curve ¢(V') for which S&TV) N Sf(”v) N SCZZV) contains a different
curve than ¢(V'). For convenience, (V) is denoted by V and ¢(C) is denoted by C in what
follows.

Remark 2. Since V does not lie in the plane at infinity (xo = 0), we can switch to the affine
setting.

The parameterization in this affine setting is
fil:th) fo(L:th) f3(L: tl)) c 3
f()(]_ . tl)’ fo(l . tl)’ fo(]_ . tl) '

For convenience, we use the same notations for both the homogeneous parameterization
and its restriction to this affine setting ty = xo = 1.

g:tlecr—>(

We now have simpler expressions for our surfaces:

. S‘I;I = {(z1,92(t1), g3(t1)) | w1, t1 € C},
. S‘};y = {(g1(t1), w2, g3(t1)) | 2,1 € C},

« S ={(g1(t1), 92(t1), 23) | 23,1 € C}.

Since C C S{,D“, there is a (not necessarily rational) parameterization of C given by ¢ : t; €
C — (q1(t1), g2(@(t1)), g3((t1))), where ¢; and ¢ are continuous piecewise smooth maps.

Remark 3. We see that ¢ (resp. q1) is not locally constant: otherwise, a part of C would be
included in a straight line (resp. a plane), which contradicts the fact that V' is not planar.
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We can thus pick a small open disc I C C such that ¢; is injective and so, without loss of
generality, we assume that ¢; = Id|;. Also, since V' is not planar and g is rational, the sets
of singular points of the three maps 7., : t1 — (g2(t1), g3(t1)), 7y = t1 — (g1(t1), g3(t1)) and
e b1 — (g1(t1), g2(t1)) are finite. Shrinking I if necessary, we assume there is no such
singular point in ¢(1).

Now, we have alocal curve ¢(1) = {(q1(t1), g2(t1), 93(t1)) | t1 € I}includedin (8{}" NS N S{}).

Using the fact that it lies on S’¥, we have another parameterization of ¢(I) given by
r = (r1,gs,73) With 7; injective on I and r;(I) C ¢(C). Similarly, ¢(I) C S{* gives a
third parameterization s = (s, sq, g3) With s; injective on I and s;(1) C ¢;(C).

Comparing s with ¢ and r, we have s = (s1, g2, g3). Lastly, since «,, is regular on I, there
is only one branch in 7, (s(I)) and so s;'(s(I)) = g;'(s(I)). The curve C is thus locally
contained in V; it follows that C = V.

Case (2). Since GG, ¢ P, the conical surface S‘(fl consists only of the union of lines transver-
sal to P: S§' = U,cv Line(G, z). Each of these lines intersects P only in one point z € V
so the curve V is exactly P N S5*. O

Note that Theorem 12 is also valid over the reals, the key argument being the existence
of local smooth maps around the (dense) set of regular points.

4.3 Varieties of arbitrary codimension

In this section we generalise the construction of Section 4.2 to varieties of arbitrary codi-
mension. Let V' C P" be a d-dimensional variety parameterized as

xj:fj(t), j:O,...,TL,t:(toi"'itd),

and G = {Gy,...,G,_4 1} be aset of n —d— 1 sufficiently generic points notin V. Choose
d+ 1 sets of d random points P, = { P, ..., Pi4}, none of these points lying in V, such that
fori =0,...,dthe pointsin G andin P, form an affinely independentset. Let H;, i = 0,...,d
be the hyperplane defined as the span of the points £, G, P,. Substitute z; = f;(¢) in each
H; to obtain the system of equations

Ho(fo(t) -+ fult)) = -+ = Ha(fo(t) : -+ : fu(t)) = 0. (4.5)

The resultant of the polynomial system (4.5) eliminates ¢ and returns a polynomial Rg in
¢ which vanishes on V' (but not only on V'), thus offering a necessary but not sufficient
condition, see Algorithm A.7.

There are three issues we have to examine when generalising the algorithm. We do so in
the following three subsections.
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4.3.1 Computing the resultant in several variables

The resultant computation is the bottleneck of the algorithm. To compute the resultant for
d = 1, we can use Sylvester determinantal formula. For arbitrary d there exist rational
formulae yielding the resultant as the ratio of two determinants, namely the Macaulay
determinant [14] or the sparse resultant matrix and one of its minors [18]. These formulae
are optimal for generic coefficients. For arbitrary coefficients, an infinitesimal perturbation
may be applied.

Another option is to use interpolation in conjunction with information on the resultant sup-
port. This might be obtained from degree bounds on Rg, as explained below, or by the
computation of the monomials of the polynomials in (4.5) using software ResPol from [25].
The latter is analogous to the basic approach for defining the interpolation matrix by the
support obtained from the resultant polytope, see Section 2.2.2.

If we choose to interpolate the resultant, an issue arises at sampling: all generated points
¢ lie on V, whereas we are trying to compute a hypersurface containing V. But the kernel
of M should have large dimension and, amongst the kernel vectors, we may choose one
or more “small” independent vectors to define the implicit equations. We use independent
vectors so as to obtain distinct surfaces. Indeed, with independent vectors, the tangent
spaces of the surfaces differ and thus the surfaces intersect transversally. Here “small”
may refer to the number of non-zero vector entries, or to the total degree of the monomials
corresponding to its non-zero entries.

Independently of the resultant algorithm used, though, there is always an extraneous factor
in the resultant that is similar to the one pinpointed by Lemma 11. Which leads to:

4.3.2 Identifying the extraneous factor in the resultant

The resultant is indeed always reducible and only one of its irreducible components is
relevant for describing V. To address this issue, Lemma 11 can be generalised as follows.

Lemma 13. Let § = deg f;(t), j =0,...,n and Rg be the resultant of the equations (4.5).
Then Rg factors into a polynomial defining a hypersurface Sy, which is of degree at most ¢
(equality holds when there are no base points) and contains V', and an extraneous factor
EP, where E is a polynomial of degree d and p < §°.

Proof. We define the generalised conical hypersurface of directrix V' and vertices G =
(G, ,Gpn_q-1) as following:

Sg = Ua:EV /A\'ﬁ:(G’l7 ceey Gn—d—la fL’)

By abuse of notation, we shall also denote by 85 the square-free polynomial defining the
hypersurface S{ (unique up to a constant factor).

Let us first note that R; has a total degree in ¢ of (d + 1)6%. Indeed, the degree in t of
every H;(fo(t): ---: fn(t)) is 0, and the coefficients of the H,’s are linear polynomials in &.
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The resultant of these polynomials has degree in the coefficients of each H; bounded by
54, therefore total degree < (d + 1)d¢, see e.g. [14, Thm.3.1].

Now, Rg vanishes if and only if the equations (4.5) have a common solution, which hap-
pens when:

i. either the hyperplanes defined H; =0, i =0, ...,d, intersect along a linear subspace
L of dimensionn —dand LNV # 0, or

ii. these hyperplanes intersect along a linear subspace of dimension > n — d.

The first case is dealt with by the condition ¢ € SY. It remains to prove that the second
case is equivalent to £ € FE with E being a hypersurface of degree d.

In what follows, we use the theory of exterior algebra ([63, Chapter 10]) to compute the
equations of E. Let (AG) =Gy A ... A G,_4 1 for convenience.

Then,
Hi=¢(AN(AG)APyA...APy, fori=0,...,d.

Thus,

d
(VHi=(EAAG) APy A...APo) - (EANAG)A Py A A Pyg) =
=0

d

Z(—l)i det(&,G, Py, ..., Pig, Poi)(E AN (AG) A Por Ao A Poi—y A Poggy A - . A Pog)
=1

(ENAG)APy Ao ANPog) - (EN(AG) NP A ...\ Pyg).
By continuing developing d times the exterior product, we obtain the relation
NLoHi = E(§)(E A (AG)),
where E is a polynomial of degree d in . So the resultant vanishes if dim(N; H;) > n — d,

thatis if £(£) = 0.

Since Rg(€) = 0 if and only if S{(¢) = 0 or E(¢) = 0, the factor E is present and raised to
a power p < 6%, in the expression of R;. O

4.3.3 How many hypersurfaces are sufficient

Computing the resultant and factoring out the extraneous factor given by Lemma 13, yields
one implicit polynomial defining a hypersurface that contains the given variety. To achieve
the hypothesis of Proposition 9, we must iterate for a few distinct pointsets G thus obtaining
implicit polynomials SY = 0 whose intersection is V.

Unfortunately, we do not yet have an a priori bound p for the number of equations needed
to describe the variety set-theoretically as in Theorem 12. Experimental results indicate
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that for curves in C", n + 1 hypersurfaces of the type 88 = 0 are required. This bound
also extends to surfaces in C*, where 5 such hypersurfaces are sufficient. The theoretical
result in [44, Chapter V] indicates that n hypersurfaces suffice for any variety in C™. It is
not clear how to apply this result to the specific type of hypersurfaces (conical) obtained
by our method.

These equations are obtained using random pointsets G: the hypothesis of genericity
is important. Indeed, each pointset G, (k = 1,...,p) must obviously consist of affinely
independent points not in V' in order to define 85‘“ properly. It is also possible that more
implicit polynomials are required for specific (bad) choices of pointsets G,. In particular, if

there is a common affine subspace L C (N, Aff(Gy)) andif LNV # (), then L C (ﬁk 85“>

and the equations of these conical hypersurfaces are not defining V' set-theoretically. To
avoid these degenerate cases, it may be interesting to choose the random pointsets G,
such that any n + 1 points picked from those pointsets are always affinely independent.

4.3.4 Degree bounds

Before stating the implicitization algorithm, we first examine the degrees of the factors of
the resultant polynomial Rg.

We showed that E? appears as a factor of Rg, where p is possibly very high. For curves
(d = 1), p indeed achieves the upper bound §¢. However, in our tests with 1 < d < n and
in presence of base points, the factor defining S‘g/ also appears to a power ¢ > 1 in the
expression of Rg:
Fo = (S0 < B

degree <4%+ds?  degree <59xq
Note that when V' is a properly parameterized curve, the inequalities become equalities
and we have ¢ = 1 and p = . The algorithm works correctly on non-properly parame-
terized varieties. However, a non-proper parameterization decreases the degree of 88
by some factor (the generic number of preimages) and increases the power degree ¢ by
that same factor. In practice, the extraneous factor £ seems to always appear with some
power p close to its upper bound §<.

degree dxp

A tighter bound on the degree of Rg can be obtained by considering sparse resultants and
mixed volumes [14, Chapter 7]. Let

Mv—i:MV(H07"'aHi—17Hi+17'"7Hd)7 0<Z<d7

be the mixed volume of all polynomials excluding H;. The degree of the sparse resultantin
the coefficients of H; is known to equal MV_;, therefore its total degree equals Zj:o MV_;.

For curves in P", i.e., when d = 1, Algorithm A.7 utilizes the Sylvester determinant for
computing the resultant instead of the Macaulay or sparse resultant determinant in the
general case. This fact, in conjunction with Lemma 13 for determining the extraneous
factors of the resultant, make the algorithm much more efficient for ¢ = 1 than in the
general case of arbitrary d.
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4.4 Examples

In the sequel we switch from the projective to the affine setting and set £ = (&;,...,&,) =
(x1,...,z,), for emphasizing these are the implicit variables. For curves in any ambient
dimension we compute the resultant directly using the Sylvester matrix, and also by in-
terpolation, employing degree bounds relying on mixed volume. For d > 1 we use the
Macaulay, or the sparse resultant matrix.

The Sylvester matrix leads to polynomials of degree twice the degree of the curve for any
random points G, as expected. Interpolating the resultant leads to matrices with very large
kernels: on the upside, the polynomials we obtain from the kernel vectors are of degree no
greater than those of the former method. Moreover, amongst them we can find a number
of polynomials of small degree and, often, smaller than the degree predicted by degree
bounds: these polynomials define the variety set-theoretically.

Example 7. Consider the twisted cubic curve V C C3 affinely parameterized as:
(z1, 29, 23) = (t,1%,1%), teC.
An optimal system of implicit equations for V' is

T — 29 = 15 — 1103 = 1129 — 13 = 0. (4.6)

Let L be the line passing through symbolic point ¢ = (z1, x2, x3), and generic point G ¢ V.
We define two random planes H,(x1, xo, x3), Ha(x1, o, x3), intersecting at L by considering
additional random points P, P, ¢ L, respectively. The Sylvester resultant of H,(t,t*,t3) =
Hy(t,t2,t3) = 0 is a polynomial of degree 6 in & which factors into the degree 3 polynomial

32wy — 1673 + 562123 + 162115 — 8025 — 3227 — 4023 + 4275 — 223701,
4562379 — brgro’ + basiry — 8raxy’ — 48wo2wy + 24xemy >
and the extraneous linear factor raised to the power 3 predicted in Lemma 11.

This yields a surface containing V' but not of minimal degree. Repeating the procedure 3
times, the ideal of the resulting polynomials equals the ideal defined by the polynomials
in (4.6).

Alternatively, we may interpolate the Sylvester resultant above. We take as predicted
support the lattice points in a 3-simplex of size 6. The 84 x 84 matrix constructed has a
kernel of dimension 65. The corresponding 65 kernel polynomials are of degrees from 2
to 6. Amongst them, we can find the three polynomials in (4.6), up to sign.

In contrast, computing the Chow form as in [17, Section 3.3] gives 16 (homogeneous)
implicit equations, all of degree 3, see Example 6.

Example 8. Consider the space curve V' in the left of the figure 1.2 affinely parameterized

as. )
1—t* 2t 1 —¢?
) ) - ) b ) t E C
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It is the intersection of two cylinders:
] —x3=a5+x3—1=0. (4.7)
Let line L be defined from the symbolic point ¢ = (x1,x2,23), and “generic” point G ¢

V. Define two random planes H, and H, that intersect at L, by choosing random points
Py, P, ¢ L, respectively. Then, the Sylvester resultant of

i 1—#2 92t 1—2\?2 i 1— 2 1—#2\?
Wity \1+e2 R W IR L W T

is a polynomial of degree 8 in & which factors into the following degree 4 polynomial:

29 + 120z, — 5629 — 18223 + 1687119 — 11027 — 7825 + 9033 — 127573 +
702313 — 18z 23 — 1202125 + 402519 + +15623 + 5625 + 4925 + 2517 —
4813wy — T27571 + 122325 + 28375 + 127527 — 168252, + 2227577 —

30933:1:? — 1209623::{’ — 48x3x911 — 102:1:3333551 + 769633:%:@

and the expected extraneous linear factor raised to the power 4. This yields a surface
containing V' but not of minimal degree. Repeating the procedure 3 times, we obtain
three surfaces that intersect on the curve.

Alternatively, we interpolate the Sylvester resultant above using as support the lattice
points in a 3-simplex of size 8. The 165 x 165 matrix constructed has a kernel of dimension
133. The degrees of the corresponding 133 kernel polynomials vary from 2 to 8. Amongst
them, we find the two quadratic polynomials in (4.7).

The equations above were obtained by choosing random points with integral coordinates
and relatively close to the curve. When we increase the range or allow for non-integral
points, in order to have better chances to avoid the non-generic points, the size of the
coefficients increase. For example, using random points with integral coordinates in a
box of size 100 around the curve yields equations as below, where we omit most terms:

3983438998535755975578507593x% + - - - — 6421697880560981054975490304.

Example 9. [57, Example 5.3] Consider the space curve parameterized as (%, %, %),
where:

__ 28775 t4 _ 645133685412359023344138179412317 t3 _47828026434221466944680145374491240124 t2
P1 = 134878 4461866265407943435243199839932400 56419462326158680749256153875975210675

+ 10298677641229167982949337521716055081 t— 282564785776255216958896195015606102373
8792643479401352844039920084567565300 677033547913904168991073846511702528100

__ 2255273376802449185664003707419257487 t4 _348110489497318842899696017229625239119 3
P2 = 5900074491624437202536591255003943600 338516773956952084495536923255851264050

+60631257463078784542819156925667898391 t2 + 2529318097870854779519283971815727 t
96719078273414881284439120930243218300 13830842023940351964026758319783100

_ 2160066846340
11464617073833 7

C. Laroche 70



Compact and efficient implicit representations

his0d 0.6

T T (N e
0 -01 0 X

R T e LT ML e P i} i T T T T
04 03 02 01 0 -01-02 01 05 04 03 02 01

v

Figure 4.2: The figures depict the branch of the curve from Example 9 between the two poles (/eft)
and one of the surfaces computed by the algorithm (right). The bottom-left part of the surface is
”beyond” one of the poles and is disconnected from the other component.

__ _ 15952846667440940986442428354469281420281211399 t3 _,’_3654698260432806341587043441984072231147356091 t2
b3 = 14948917889455551203561858304849170116912045200 1868614736181943900445232288106146264614005650

_1610547321878471927524238023039081161718548457 t — 1248425652933171182782225268808987890080426987
2242337683418332680534278745727375517536806780 4484675366836665361068557491454751035073613560

__ 44 _ 350056078 43 _ 142948855 42 458301406 , 212187313
and q= t 234205983 t 234205983 t+ 234205983 t 234205983 °

The denominator q has 2 real roots, which are approximately —1.143 and 1.13. Conse-
quently, the curve has 3 connected components and so do the surfaces of the implicit

equations. We computed the 3 implicit equations in 0.171 sec. Their coefficients are quite
large; below we show one equation where the coefficients are rounded (see the figure 4.2).

1.23x3 — 0.059522 + 1.87 22 21 15 + 78.922 w309 — 3.18 2% — 26.5 w311 19 — 29.9 32311 +
2241y — 1.33w9 — 6723 w3 + 12423 29 — 9.1 w321 + 0.266 23 21 + 4.43 0323 + 35.723 x5 +
48x§ — 13.2x% + 34x3219 + 13.527 29 + 1.11 x% zo + 30.4 21 x% — 67.7.T% To — 1.321:% To +
0.469 23 x5 — 0.979 23 + 223 x1 + 3.54 w325 — 58823 23 + 2497, x5 — 84.6 23 23 — 4.34 23 +
0.354 3 — 2.66 25 — 65.2 21 + 0.00316 = 0

Example 10. Consider the curve in C* with parameterization:
(z1,T0, T3, 04) = (2 —t =1, 2+ 28> —t, 2 +t —1,t* -2t +3), t € C.

The curve is defined by 5 implicit equations of degrees 1,2,2,2 and 3. Our algorithm com-
putes 5 equations of degree 6 in 0.06 sec. These equations contain linear extraneous
factors raised to the power 3. When these are divided out we obtain 5 degree 3 equations
which define the curve set-theoretically.
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Example 11. We tested our method on a surface in C* with parameterization:

=1+t —4t; — 5t

Ty =2+ 217 +t1ty — 2t — 315 — 41y,
T3 = —4+ 215 —3t1ty — 2t + 515 + 3ty,
Ty =3 — 41 — 4t ty — 3t — 415+ 3ty

It has an implicit representation defined by 7 equations all of degree 3. When computing
the resultant of the hyperplane equations in step 3 of the algorithm A.7, we used the
Macaulay matrix. While the resultant of the equations is of degree 12, the Macaulay
determinant is of degree 15 and factors into 4 polynomials:

p1 =455 x5 + 750 x4 — 3099 + 97 29 — 254 74,

py = —123122 — 6742821 — 1368657 — 7911 2y 4 — 238773 w4 + 12028222 — 7797 xg 21 —
312183 25 + 128844 25 24 + 30214 22 — 13361 21 25 — 522219 23 + 216972 24 75 + 98444 29 5 +
81846 22,

p3 = —9916630 21 3+9647284144 x4 2344038963040 22 21+337212316 x5 T4 13 —252641227648 x5+
3366169952 2 x2 4 2708928320 x3 w3 + 57096927668 21 — 53684774940 x4 — 77758227688 72 +
4536327935 o T3 3+35030263974 11 13—122470859456 15+3463514782 x5 2241675553082 71 73 T4+
300052921 9 23+577364984 1 x3+973095808 x5 23 +273084828 2 +475451312 x5 —5750362055 22+
5758157904 x4 w9 T3+226483168 27 2344022646056 29 71 T3 14+17577663031 23+634192304 23 23+
1481456249 23 22 +870615518 27 25+87651711 a7 x3+8195410478 19 13 11+11932472704 71 x4+
1052921408 x3—20488463200 x3+9674045090 1 w3 14+5991087840 x4 3 13—5940646664 4 73+
1965786032 x5 3 —263941933984+17138674 23 14+12449275102 x5 4 11— 17345909250 x4 w3+
1069083008 25 +707521563 25 +5581659148 23 —6156701992 25+61103392 £1+532059077 x1 23 w3+
1965490737 x5 23 £3+650614286 27 3 £4+2274927496 21 o 2343301748912 21 23 23+1655223786 11 w4 3+
982338067 1 z9 23+3614745108 x5 x3+1774467334 3 13+ 7406737452 29 21— 17927257812 9 14—
75703596848 x5 1341991048528 x4 73+2510474960 4 5+10630864230 25 23 24+8796789936 23 x4+
2284266257 x1 x3+7334934310 21 22+1319302559 22 £3+1991564624 1 x5+1984784289 w3 z3+
17208929291 22 3 + 7927974534 x4 x5 + 2480674448 22 1,4,

py = (—14670609 — 30942341 x5 — 11989497 x5 + 4731176 21 — 28710187 x4 + 401573222 +
3763632 25 234933756 22— 1626083 71 13— 788463 x5 21 +31801 2211404020 24 25+4795500 5 24—
2469429 xy 24 + T274552 22)%.

Polynomial ps is irreducible of degree 4 and contains the surface; p4 is a quadratic poly-
nomial raised to the power 4; it is the extraneous factor predicted by the algorithm. The
other two factors p1, ps, of degrees 1 and 2, respectively, are extraneous factors from the
Macaulay’s matrix construction. A total of 5 polynomials like p; define the surface set-
theoretically.
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Example 12. The algorithm A.7 works even in the presence of base points. Consider the
surface in C* with projective parameterization

(pl(s:t:u) pa(s:t:u) p3(s:t:u) p4(s:t:u)>

q(s:t:u) q(s:t:u) q(s:t:u) q(s:t:u)

(s:t:u)—

where:

pi(sitiu) =8+t —u® po(s:t:iu)=u(s+t—u),
pa(s:t:iu)=su—(t—u)? pa(s:t:u)=(s—u)’+(t—u)?—u

q(s:t:u)

Then (0 :1:1)and (1:0: 1) are two base points of the surface. The Macaulay matrix
computed by the algorithm is of size 15 and of rank 13 while we expect the resultant to be

of degree at most 12. Taking a non-zero minor of size 13 yields a polynomial that can be
factored into the following:

* afactor SG(xy : x1 : 1y : 3 : 74) of degree 2 that contains the surface,

* a factor of degree 2 that is the extraneous factor predicted by the algorithm, raised
to a power 3,

* another factor of degree 2 and two factors of degree 1, one of which is squared.

The presence of the base points indeed reduced both the degree of the implicit equation
containing the surface and the degree of the resultant. Thus we obtained more extraneous
factors from the Macaulay construction.

2, .2 2
S (o ay 1wy Tyt ) = X2+ 22 + Bw3my — 20475 + 3x5 — 2x020 + 22470 —

— 52023 + 227 + 31170 — Bramy + 9371 — 87071 + ST7.

The extraneous factor predicted by the algorithm can be computed without factoring, by
using the exterior algebra formulae. For the algorithm, we chose 7 random points: G and
P;;,0 <1< 2,1 <7 <2. The formulae is the following:

(EANG APy APy) (EANGAPAPp)- (EAGA Py A Pay) =
[det(¢, G, Pi1, Pia, Po1)(E NG A Pyg) — det(&, G, Piy, Pia, Po2)(E NG A Poy)] -
(ENG NPy A Pay) =
[det(&, G, P11, Pia, Por) det(&, G, Pay, Pag, Poo)—
—det(¢, G, Py, Pio, Pyo) det(&, G, Py, Poa, Po1)](E A G)

So the extraneous factor is obtained by computing these four 5 x 5 determinants. Note
that they can be reduced to 4 x 4 determinants since their last row consists of ones.

Example 13. The algorithm A.7 can also handle parametric equations containing addi-
tional formal parameters.
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Figure 4.3: The curve of Example 13(c.) for a« = 1 (left) and two of its three defining equations found
by the algorithm A.7 (right). A third equation is needed in order to remove the extraneous surface
intersections.

a. Consider for instance a parameterized cubic:

a+b
(x1, 9, 23) = (at, bt?, Tt3> ,teC.

The algorithm A.7 computes 3 implicit equations of degree 3 in the x; and of degree
5in {a,b}. Those equations match the ones obtained for the twisted cubic when
a=b=1.

b. Consider the following curve of degree 4 in C3:

r(t) = —at'? —t7 —bt° — 83—t +9
zo(t) = (b — 3)t" + 310 — at® — 8t + 816 — ¢
w3(t) = (a — b)t*2 — 241 — % — 37T — Tt 442 + b

The algorithm A.7 computes 3 implicit equations of conical surfaces, of degree 12
in the x;, in about 10h.

c. Consider Viviani’s curve parameterized as:
Ty = 128 a’t?/(256 a® + 32a* 12 + t1),
1y = (256a"t — 16 a3) /(256 a® + 32 a* 12 + 1),
r3 = (32a° — 2at?) (16 a* + %) /(256 a® + 32 a* £ + t*).
Its implicit equations are: x? + x3 + 2% = 4a?, (11 —a)* + 23 = d.
The 3 implicit equations computed by the algorithm A.7 in 7,72 sec are of total
degree 4 in x; (see the figure 4.3). Since they are quite large, we show only one of
them which is of degree 74 in a and omit most of its terms:

281474976710656 a*® (—1048576 a'? z1 23 — 4 a* 23 — 393216 a' 2] 23 + - - - +
524288 a'® 23 x? — 786432 a'® x323) = 0.
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5. SYZYGIES

5.1 The method of moving conics

The implicitization of rational plane curves, that is to say the finding on an implicit equation
of a plane curve from a parameterization, has been extensively studied in the past. Be-
sides the basic method based on a resultant computation directly from a parameterization,
the method of moving lines introduced by Sederberg and Chen in [59], and developed fur-
ther with the concept of u-basis in [16], has been the more powerful and fruitful one in
geometric modeling. In this section, we briefly review it with a particular emphasis on
its generalisation to moving conics [60] that allows to obtain more compact matrices. Al-
though there is no new result in this section, we believe that it sheds new light on this
topic.

In what follows, we suppose that an homogeneous parameterization of a rational plane
curve C is given over a field K by

¢: P = P? (5.1)
(S : t) = (f0(37t> : fl(sat) : fQ(S,t)),

where fy, f1 and f, are homogeneous polynomials in K[s, ¢| of the same degree § > 1. For
the sake of simplicity, we assume that these polynomials have no common factor, so that
the map ¢ is well defined everywhere on P!.

5.1.1 Moving lines

A moving line of degree v € N is a polynomial of the form
L(S7 71.7 X, T, .TQ) = g0(57 t)xo + gl(Su t)xl + g2(87 t)xZ

where ¢, g1 and g, are homogeneous polynomials in K|s, t| of degree v. For any point (s :
to) € P, L(sg, to; xo, T1, T2) is a linear form in the variables zy, =1, - that can be interpreted
as the defining equation of a line in P2. This line moves when the point (s, : ty) varies in
P!, hence its name. In addition, the moving line L is said to follow the parameterization ¢
if

L<S7 ta f0<87 t)a f1<87 t)a fg(S, t)) = gOfO + glfl + g?f2 =0.

Geometrically, this implies that the line defined in the plane by the equation L = 0 goes
through the point ¢(s : t) € C.

For any integer v > 0, it is straightforward to compute a basis L4, ..., L, of the vector
space of moving lines of degree v following ¢ by solving a simple linear system. We
define the matrix M, (¢), or simply M, as the matrix whose columns are filled with the
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coefficients of the moving lines L; with respect to the variables s,t. More precisely, M, is
defined by the matrix equality

(Li Ly -+ L) = (8" 81 -~ t*) - M, (5.2)

It is of size (v + 1) x r, and its entries are linear forms in K|z, z1, z2]. Therefore, it has
sense to evaluate the matrix M, at a point p € P2, which we denote by M,,(p).

Proposition 14. For all integerv > § — 1 we have r, > v + 1 and
rank M, (p) <v+1 < peC.

In addition, rs_y =dandr, > v+ 1ifv > 9.
Proof. See [59] and [7, §2]. O

Thus, Proposition 14 shows that the matrices M, are implicit representations of the curve
Cforall v > 6 — 1, in the sense that they allow to discriminate the points p € P? that belong
to the curve C. Introduced first in [59] as the method of moving lines, the matrix M_; is
a particular member in the family of matrices M,,, v > § — 1: it is a square matrix whose
determinant gives an implicit equation of the curve C raised to the power the degree of ¢
[16, 7]. By the degree of ¢ we mean the number of pre-images of a general point on C via
¢ and over the algebraic closure K of K. In other words, this is nothing but the number of
times the curve C is traced by the parameterization ¢ over K.

5.1.2 u-basis

In the foundational paper [16], amongst other results the authors show that the matrices
M, exhibit a specific structure by introducing the concept of u-basis.

Proposition 15. There exists two moving lines p, and p, following ¢ such that any moving
line L following ¢ can be written as

L = hipy + hapo,

where h, and hy, are homogeneous polynomials in K[s,t]. Such a couple of moving lines
p1, p2 IS a called a u-basis of the parameterization ¢.

In addition, the degrees 11 and i, of the moving lines p, and p, only depend on ¢ and are
such that ji; + ps = 9.

Proof. See for instance [16, 11]. O

As a consequence of this proposition, the vector space of moving lines we used to define
the matrices M, (¢) have a simple description. More precisely, for any integer » we have

(L. ooy Ly,) = (877 Mpy, 877 Mpy, o 8y, 87 2 pg, o 872 )
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where it is understood that the multiples of p,, respectively p,, disappear if v < yu,, respec-
tively v < ps. It follows that

r, = max(0,v — py + 1) + max(0, v — pus + 1).

Moreover, written in these special bases the matrices M, exhibit a Sylvester-like block
structure. In particular, in these bases the matrix Ms_ is nothing but the classical Sylvester
matrix associated to the polynomials p; and p, with respect to the homogeneous variables
s, t, denoted Syl(p1, p2). Thus, we recover the property that the resultant of these two poly-
nomials, which is defined as the determinant of Syl(p,, p»), is equal to an implicit equation
of C raised to the power the degree of ¢.

Several methods have been proposed to compute a u-basis. The first type of methods
starts from a generating collection of moving lines following ¢, namely the obvious moving
lines of degree ¢ of the form

fi(S,t)ZCj — fj(S,t)ZEi, 0<1< j < 2, (53)

and uses various reductions to reach iteratively a p-basis by means of linear algebra al-
gorithms; see e.g. [11, 36]. Another type of methods arise from the computation of normal
forms of matrices over a principal ideal domain, typically the computation of a Popov form;
see e.g. [51, 73]. So far, these latter methods exhibit the best theoretical complexity.

The matrix M;_, is the smallest matrix that is an implicit representation of the curve in the
family of matrices M. For a general parameterization ¢, the implicit equation of the curve
is a degree § homogeneous polynomial equation in K|xg, 21, z5]. Therefore, the matrices
M, with v < §—2 cannot yield an implicit representation of C because their entries are linear
forms in K[z¢, x1, z5]. As a consequence, to obtain more compact matrices it is necessary
to introduce high-order extensions of the moving lines. Having in mind the correspondence
between M,_; and the Sylvester matrix Syl(p;, p2), the well-know family of (hybrid) Bézout
matrices of p, p», which provides more compact matrices for the resultant, suggests to
introduce quadratic forms in some entries of the matrices we consider.

5.1.3 Moving conics

As we call a moving line an equation of a line in the plane that moves as the parameter
(s : t) € P! varies, we call a moving conic an equation of a conic in the plane whose
coefficients depend on the parameter (s : t) € P!. More concretely, a moving conic of
degree v € N is a polynomial of the form

Q(s,t;x0, 21, 22) = goo(s, t)iUg + go.1(s, t)xox1+
Go2(8,t)xor2 + g1.1(s, )i + g12(8,t)x122 + g22(s, t)as

where the polynomials g; ;(s,t) are homogeneous polynomials of degree v in K[s,t]. In
addition, this moving conic is said to follow the parameterization ¢ if

Q(S7t§f07f1>f2): Z gi,j(37t>fi<57t)fj(sﬂt):0'

0<i<j<2
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Similarly to moving lines, this latter condition means geometrically that the conic defined
in the plane by the polynomial ) goes through the point ¢(s : t) € C.

We can consider the vector space of moving conics following the parameterization ¢ of
degree v and, similarly to what we did with moving lines, build a coefficient matrix from
them. However, such a matrix is useless in general because its entries are exclusively
quadratic forms in K[z, z1, x2] and hence the determinants of its minors are always poly-
nomials of even degree. Having in mind the (hybrid) Bézout matrix that we previously
mentioned, a better option is to combine both moving lines and moving conics in a same
coefficient matrix. We proceed as follows.

Pick an integer v > 0. As explained in §5.1.1, choosing a basis of the vector space of
moving lines following ¢ of degree v, denoted (L,, ..., L,,), one can build the matrix M,,.
Now, one can consider the vector space W, of moving conics following ¢ of degree v.
As it turns out, each moving lines L, gives the three moving conics z,L;, z1L; and xsL;
that all follow the parameterization ¢. Therefore, these 3r, moving conics obtained from
the moving lines, generate a sub-vector space V, of IW,. By solving a linear system and
computing a nullspace, one can compute a basis of the quotient vector space W, /V,, that
we denote by (Q1,...,Q., ). Then, we define the matrix MQ, (¢), or simply MQ,, as the
matrix satisfying to the equality

(Ly Ly o+ Ly, Q1 -+ Qo) = (s 8"t ) - MQ,. (5.4)

It is a matrix of size (v +1) x (r, + ¢,). By definition, its first », columns is simply the matrix
M, whose entries are linear forms in K[xq, z1, 23], and its last ¢, columns are built from
moving conics, so its entries are quadratic forms in K[z, 1, z2].

We recall that 11, and p»; denote the degrees of a p-basis of ¢. Without loss of generality
we assume that p; < ps.

Proposition 16. Ifv > u, — 1 thenr, + ¢, > v+ 1 and

rank MQ,(p) <v+1 <= peC.
In addition,

cifup—1<v<do—1thenr, =2(v+1)—9, ¢, =9 —1— v and the matrix MQ, is
a square matrix whose determinant is an implicit equation of C, raised to the power
the degree of ¢,

s ifv>6—1thenc, =0and MQ, = M,.

Proof. These results will be obtained in the next section §5.1.4 by interpreting the matrices
MQ, as resultant matrices. See also [60]. O

In the case where 1y = uy = k, hence 6 = 2k, the matrix M(Q,,_, is a k£ x k-matrix whose
entries are all quadratic forms, and whose determinant is an implicit equation of C, raised
to the power the degree of ¢. This is the only setting where such a fully quadratic matrix
appears in the family of matrices of moving lines and conics. Notice that a general curve
¢ such that 6 = 2k satisfies to p; = puo.
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5.1.4 Sylvester forms

We already mentioned that the definition of the family of matrices MQ, is inspired by the
more classical family of (hybrid) Bézout matrices of a p-basis p;, p» of ¢. In what follows,
we make explicit this comparison and exhibit in the same time a structure for the matrices
MQ,. For that purpose we need to introduce the Sylvester forms.

Let p1, p2 be a u-basis of the parameterization ¢ and denote by i, < us their respective
degrees. We recall that p; + us = d. Let a := («ay, az) be any couple of non-negative
integers such |a| := a; + a3 < pu; — 1. Since p; and p, are homogeneous polynomials in
the variables s, t, one can decompose them as

1 1
p1 =" hy + 1%y,

1 1
p2 = s hy 1 + 192 hy s,

where h; ;(s, t; xo, x1, 22) are homogeneous polynomials of degree ji; — a; — 1 with respect
to the variables s, t and linear forms with respect to the variables xq, x1, z2. Then, we define
the polynomial

hl 1 hl 2
Syl := Det ’ ’
ya(p17p2> ( h271 h2’2 )
and call it a Sylvester form of py, p,.

Lemma 17. For any o such that |a| < py — 1, the Sylvester form Syl (p1, p2) iS @ moving
conic of degree § — 2 — |«| following the parameterization ¢. Moreover, it is independent
of the choice of the polynomials h; ; modulo the p-basis p1,p., equivalently modulo the
vector space of moving conics Vs_,_|, defined in §5.1.3.

Proof. The first assertion follows by construction and by the Cramer’s rules for solving a
linear system; we refer to [40, §3.10] for more details. O

It turns out that the Sylvester forms generate all the moving conics following ¢ of degree
greater or equal to u, — 1. Taking again the notation of §5.1.3, here is the precise result.

Proposition 18. Let v be an integer such that 1, — 1 < v < §—2. Thenthe setofd—1—v
Sylvester forms

{SYl. (1, 2)} 0 =5-2-0 = {Sylw—z—y,o) (p1,p2), - -+, SYl5-2-0) (p1,P2)}
form a basis of the quotient vector space W, /V,, of moving conics of degree v following ¢
and not generated from their corresponding moving lines, so that we have ¢, =06 — 1 — v.
In addition, Ws_, = Vs_; and hence cs_, = 0.

Proof. These results follows from a duality property; we refer the reader to §2.1 and The-
orem 2.9 in [8], and the references therein. See also §5.2.4. O
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As a consequence of this proposition, the construction of the matrices MQ,, v > us — 1,
following (5.2) can be done with more specific choices of the bases of moving lines and
moving conics of degree v. As we already used in §5.1.2, the space of moving lines can
be chosen such that

<L17 P Lrl,> = <Sy_u1p17 SV_Ml_ltpl, e ,ty_'ulpl, SV—lt2p2’ e ,ty_u2p2>.
Moreover, by Proposition 18 the space of moving conics can be chosen as

(Q1,...Qc,) = (SYl5_2-0,0)(P1, P2), SYl 5501y (P1, 2); - - - - SYl g 50 (D1, P2))-

In this way, the matrix MQ,, v > us — 1, exhibits a very particular structure: its first block
of r, = 2(v + 1) — § columns is the matrix M, which is a Sylvester block built from the
p-basis p1, po, and each of its last ¢, = § — 1 — v columns are filled with Sylvester forms
of p; and p,. This interpretation of the matrices MQ,,, v > us — 1, allows us to identify
them with the family of (hybrid) Bézout matrices that are precisely defined in this way in
the literature (see e.g. [20, 60]). The determinant of these Bézout matrices is known to be
equal to the resultant of the p-basis p1, p;. Therefore, we obtain the main property of these
square matrices MQ,, us — 1 < v < § — 1: their determinants are all equal to an implicit
equation of the curve C, raised to the power the degree of ¢, as stated in Proposition 16.

In summary, the family of matrices MQ, (¢), v > uy—1, gives implicit matrix representations
of the rational curve C. It is an extension of the family of matrices M, (¢), v > ¢ — 1 with
more compact matrices obtained by introducing moving conics. The more compact matrix,
namely MQ,,_1, is made of a Sylvester block built from the polynomial p;, possibly empty
if 11 = p2, and then filled by columns with Sylvester forms.

In the next section, we will generalise the above results to the case of rational curves in
arbitrary dimension. The family of matrices M,,(¢) built solely with moving lines, i.e. such
that v > 0 — 1, has already been extended to this setting in [8]; we will review it briefly.
The main contribution of this paper is the generalisation of the matrices built with moving
conics, i.e. the matrices MQ, (¢) such that o, — 1 < v < § — 2.

5.2 The method of moving quadrics

In what follows, we suppose that an homogeneous parameterization of a rational curve
C C P", n > 2, is given over a field K by

¢: P P (5.5)
(s:t) = (fols,t): fuls,t) =+ fuls,1)),
where fy, ..., f, are homogeneous polynomials in K[s, t] of the same degree 6 > 1. As in

the case of plane curves, for the sake of simplicity we assume without loss of generality that
these polynomials have no common factor, so that the map ¢ is well defined everywhere
on P
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Unlike the case of plane curves, if n > 3 a single polynomial equation in K|z, . .., z,] is not
sufficient to describe implicitly the curve C. Such an equation describe an hypersurface
in P and hence a collection of at least n — 1 of them are necessary for characterizing a
curve by a dimension argument, and in general more than n — 1 equations are needed.
To be more precise, consider the ring morphism

Klzg,...,z,] — K[s,t]
x; — fi(s,t), i=0,...,n.

The set of polynomials that are in the kernel of this map, that is to say the polynomials
P(xzg,...,x,) such that P(fo,...,f.) = 0, is an ideal of K[z, ...,z,] that is called the
defining ideal of the curve C, denoted J.. Choosing a finite set of generators of this ideal
with a good shape and in small number is known to be a difficult task (see for instance
[30, 60, 39]). In what follows, an alternative implicit representation under the form of a
matrix whose entries depend on the variables z, . . ., z,, is presented.

5.2.1 Moving hyperplanes and ;.-basis

As a straightforward generalisation of the concept of moving lines for planar curves, a
moving hyperplane of degree v € N is a polynomial of the form

H<57t; Zo, .- - 7=Tn) = 90(5,75)% +oe 4+ gn(s,t)xn

where gy, . .., g, are homogeneous polynomials in K|s, t| of degree v. Thus, for any point
(so : to) € P, H(so,to; o, --.,T,) can be interpreted as the defining equation of a hyper-
plane in P" that moves when the point (s, : o) varies in P'. The moving hyperplane H is
said to follow the parameterization ¢ if

H(Sat; fO(S’t)v . 'afn(57t)) = gOfO +oee +gnfn = 07

which means geometrically that this hyperplane of equation H = 0 goes through the point
o(s:t) €C.

For any integer v, one can compute a basis Hy,..., H,, of the vector space (over K) of
the moving hyperplanes of degree v following ¢. Then, one can define a coefficient matrix
M, by means of the following equality:

(s s -+ ) M, =(H, --- H,).

The matrix M, is of size (v + 1) x r, and its entries are linear forms in K|z, ..., z,], so it
makes sense to evaluate it at a point in P". For instance, by definition we have that for all
point (sq : tg) € P! this matrix satisfies to

(st so 't -+ t5) -Mi((s0,t0)) = (0 --- 0). (5.6)

This property implies that for any integer v and any point p € C the cokernel (or left
nullspace) of M, (p) has positive dimension. Actually, one can show thatif v > 6 — 1
then r, > v + 1 and we have that

rank M, (p) <v+1 < peC.
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However, this first generalisation of Proposition 14 can be improved, but in order to state
it we first need to introduce the concept of p-basis for a parameterized curve in P", n > 2,
that has been introduced in [16] and then extensively studied (see e.g. [64] and [38, §4]).

Proposition 19. There exist n moving hyperplanes p., ..., p, following ¢ such that any
moving hyperplane H following ¢ can be written in the form

H = hlpl + h2p2 oot hnpnv

where hy, ..., h, are homogeneous polynomials in K[s,t]. Such an n-tuple of moving hy-
perplanes p,,--- ,p, are called a p-basis of the parameterization ¢.

In addition, let ., ..., u, be the degrees of the polynomials p.,...,p, respectively and
assume without loss of generality that 11, < s < ... < u,. Then, the sequence (i1, . . ., i)
only depends on the parameterization ¢ and " | p; = 9.

Proof. See e.g. [16, §5] and [64, §2]. O

Coming back to the family of matrices M,,, they have a Sylvester block structure inherited
from the existence of u-basis. In particular,

ry = max(0,v — p; + 1). (5.7)

Moreover, we have the following generalisation of Proposition 14.
Proposition 20. For all integer v > u,, + pi,—1 — 1 we have r, > v + 1 and

rank M, (p) <v+1 < peC.
Proof. See [8]. O

As in the case of plane curves, the matrices M, give implicit representations of the curve
C for all v above a certain threshold (observe thatif n = 2then puy + puy — 1 = § — 1).
Indeed the point p on the curve C is characterized by the fact that the rank of such a matrix
evaluated at p is not maximal. Compared to an implicit polynomial representation, this
is much more efficient since only a single matrix is necessary. Moreover, these matrices
allow to recover the pre-images of such points p and they are also adapted to numerical
treatments by means of numerical linear algebra techniques (see [8, 6]). In what follows,
we extend this family of matrices in order to obtain more compact matrices still providing
an implicit representation of C.
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5.2.2 Moving quadrics

Not surprisingly, a moving quadric of degree v € N is a polynomial of the form

Q(s,t; 20, ..., Tp) = Z qij(s,t)zx;

0<i<j<n

where ¢; ;(s,t), 0 < i < j < n, are n(n + 1)/2 homogeneous polynomials in K[s,t]. In
addition, a moving quadric is said to follow the parameterization ¢ if Q(s,t; ¢(s,t)) = 0,
hence the polynomial ) defines a quadric in space that moves with the parameter (s : t) €
P! and that goes through the point ¢(s, t) € C.

Choose an integer v and let (H1, ..., H,, ) be a basis of the vector space of moving hyper-
planes following ¢. We can consider the vector space W, of moving quadrics following
¢. Each moving hyperplane H; of degree v following ¢ generates n + 1 moving quadrics
of the same degree v, still following ¢, that are given by z,H;, 0 < i < n. Observe that
geometrically, such a moving quadric consists of the union of the moving hyperplane of
equation H; = 0 and the static hyperplane of equation z; = 0. We denote by V, the
sub-vector space of moving quadrics generated by these moving quadrics obtained from
moving hyperplanes. Now, let (Q4,...,Q.,) be basis of the quotient vector space W, /V,,.
Then, we define the matrix MQ, (¢) by

(HHHy - H,, Q, - Q) = (8" Lo ) - MQ,.

It is a matrix of size (v + 1) x (r, + ¢,), 7, being given by (5.7). Observe that this definition
encapsulates the definition of the similar matrices we considered in the case n = 2. By
definition, the first r, columns of MQ, correspond to the matrix M,, introduced in §5.2.1
and its entries are linear forms in K[z, ..., z,]. On the other hand, its last ¢, columns
are built from moving quadrics and hence its corresponding entries are quadratic forms in
K[zo, ..., x,]. The definition of the matrices MQ, is translated into Algorithm A.8.

We recall that the sequence of increasing integers iy < s < ... < u, denotes the degrees
of a u-basis of ¢. Here is our first main result,

Theorem 21. Assume thatv >, — 1. Thenr, +c¢, > v+ 1 and

rank MQ,(p) <v+1 < peC.

Moreover, we have that

C, = Z max(0, p; + p; — 1 —v).

1<i<j<n

In particular, if v > u, + p,—1 — 1 then ¢, = 0 and it follows that MQ,, = M,,.

The proof of this theorem is postponed to Section 5.2.4. For now, we discuss the shape
of this matrix for some specific values of the degrees of the u-basis. We emphasize that
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unlike in the case of plane curves, the matrices MQ, will never be square matrices for
space curves because a space curve cannot be defined by a single equation over an
algebraically closed field.

In the family of matrices MQ,, v > pu, — 1, the matrix MQ,,_; is evidently the one with
the smallest number of rows. Moreover, the smallest possible value for the integer ., is
[6/n] because of the equality ", ; = d. It corresponds to the situation where the 1;’s
are evenly distributed. It turns out that this balanced situation is the generic one when K
is an algebraic closed field: fixing a degree ¢ and picking n random homogeneous polyno-
mials in (s, t) of degree 4, fo, ..., f, using a dense distribution of the coefficients such as
Gaussian distribution, the degrees of its u-basis are evenly distributed with probability 1
(see [19, Theorem 1.2] for the case n = 2 and [16, Section 3, Theorem 1] for a proof that
generalises to arbitrary dimension n > 2).

Here are some further specific settings:

* 11 = 0: An element of degree 0 in the u-basis corresponds to a (non-moving) hy-
perplane containing the curve. In this situation, we have us + ... + 1, = 6 and the
problem is reduced to examining a curve in P! a u-basis of which is (ps, ..., p,).

* 11 = e = 1: In this situation, the curve is contained in a (non-moving) quadric the
equation of which is given by the resultant of p; and p;.

* u; = 6/nforall i: In this case, the degree ¢ is a multiple of n and the matrix MQ;,,—1
is purely quadratic since there is no moving hyperplane of degree ¢/n — 1 following
the parameterization.

5.2.3 Computing moving quadrics using Sylvester forms

For any couple of integers 1 <i < j <nandany a = (a1, az) such that |a| < u; — 1, one
can consider the Sylvester form Syl (p;, p;), as defined in §5.1.4. Similarly to Lemma 17,
one can show that it is a moving quadric following ¢ of degree y; + p; — 2 — |a| that is
independent of the choice of decomposition modulo the polynomials p;, p;.

Now, for any integer v consider the vector space S, that is generated by all the Sylvester
forms of degree v, i.e.
S, = (Syl,(pi,p;) suchthat1 <i < j<nand|a|=pu +p —2—v).

Taking again the notation of §5.2.2, it is a sub-vector space of the space W, of moving
quadrics of degree v following ¢. Here is our second main result.

Theorem 22. Ifv > u, — 1 then W, =V, & S,. In other words, the moving quadrics
of degree v following ¢ are generated by the moving hyperplanes of degree v following ¢
and by the Sylvester forms of degree v. Moreover, these latter Sylvester forms are linearly
independent and hence

dimS, = ¢, = Z max(0, u; + p; — v — 1).

1<i<j<n

C. Laroche 84



Compact and efficient implicit representations

Dimension of moving quadric spaces Dimension of moving quadric spaces
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Figure 5.1: The decomposition of IV, for generic parametric space curves of degree 15 with fixed
u-basis degrees

This result is illustrated in Figure 5.1, where we see the dimension of W, /(V, & S,) van-
ishing at v = u,, — 1 in various situations.

The existence of moving quadrics following ¢ that are neitherin V,, norin S, forv < u, — 1
has a side effect: it may be possible for MQ, to be an implicit matrix and satisfy the drop-
of-rank property of Theorem 21 even for v < u,, — 1. This phenomenon appears for generic
space curves of degree 7 for instance. The pu-basis of such a generic curve is balanced
to degrees p; = puy = 2 and u3 = 3, thus MQ, is an implicit matrix of such a curve. We
empirically observed that W, /(V; & S;) is not empty and that MQ; is an implicit matrix in
such situation. The existence of moving quadrics in W, /(V,, &S, ) is a necessary condition
for MQ, to be an implicit matrix when v < pu,, — 1 but is not sufficient.

The proof of this theorem is postponed to §5.2.4. Compared to Algorithm A.8 described
in §5.2.2, this theorem shows that the matrices MQ, can be computed in closed form in
terms of the polynomials py, ..., p, defining a u-basis of ¢. We notice that, as far as we
know, there is no known method that allows to compute the degrees (4, .. ., u,, or even the
degree 1, efficiently without actually computing a u-basis. So, assuming the a u-basis is
computed, Theorem 22 gives an optimal method to build an implicit matrix representation
of the curve C since it shows that the matrices M@Q, can be computed essentially at the
cost of computing a p-basis. This is described with more details in Algorithm A.9 for the
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smallest matrix MQ,,,_,. Of course, a similar algorithm can be used to build the matrix
MQ, for any integer v > p,, — 1, but we prefer to focus on the smallest matrix which is the
more useful in practice.

5.2.4 Proofs of the main theorems

In the case of plane curves, the proofs of Proposition 16 and Proposition 18 can be done
via an identification with the classical Sylvester and hybrid Bézout matrices, relying on
their well-known properties. Indeed, it is a classical result that their determinants are all
equal to the resultant of a p-basis and that this latter is equal to an implicit equation of
the parameterized curve C (raised to the power the degree of the corresponding parame-
terization). In the case of space curves, the situation is more complicated and much less
classical for the simple reason that a polynomial implicit representation of the curve C re-
quires several polynomial equations, a set of generators of the ideal J.. Thus, to prove
Theorem 21 and Theorem 22 we need to use some more technical tools from algebraic
geometry and commutative algebra, in our view inescapable.

Moving hypersurfaces. We denote by I the ideal of the polynomialring R := K|s, t; xo, . . ., ;]
generated by all the moving planes following ¢. It is hence generated by a p-basis:
I = (p1,...,pn). Since we assumed that the defining polynomials fj, ..., f, of the pa-
rameterization ¢ have no common root in P!, we deduce that the polynomials p1, ..., p,
have no common root in P! as well [8, Lemma 1]. Algebraically, this means that they form
a regular sequence [22, Chapter 17] in R outside V' (m), the algebraic variety defined by
the ideal m := (s,1).

From the definitions we gave of moving hyperplanes and quadrics, it should be clear to
the reader what we mean by a moving hypersurface. So, let J be the ideal of R generated
by all the moving hypersurfaces, of any degree v in (s,t) and any degree 7 in z, ..., z,,
following ¢. Since the u-basis is a regular sequence outside V' (m), then J is nothing but
the saturation of I with respect to m, that is to say:

J=(I:gm™)={pec R:3kecNpmt I} (5.8)

The ideals I and J are both bi-graded ideals. They have a grading with respect to the
variables s,t and with respect to the variables xq,...,z,. We denote by I, and J, the
graded slices of degree v € N with respect to the variables s,¢t. They are K|z, ..., z,]-
modules [22, §0.3]. Forinstance, J, = J N K]z, ..., x,] = Je.

Elimination and matrices. We have previously built matrices by columns with the coeffi-
cients with respect to s, ¢t of some moving hyperplanes and quadrics following ¢ of a given
degree v. Extending this approach, we could consider similar matrices built by columns
with the coefficients of all the moving hypersurfaces following ¢ in a given degree v. Call
these matrices MH,,. Their entries are homogeneous polynomials in K[z, ..., z,]. They
are defined up to a choice of basis of the polynomials in s, ¢t of degree v, and up to a choice
of a set of generators of the set of moving hypersurfaces following ¢ of degree v.
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Lemma 23. For any integer v > 0 and any p € P",

rank MH, (p) <v+1 <= peC.

Proof. Set A := K|xy,...,x,]. Because of (5.8), we get that the annihilator ann4(R,/J,)
is equal to the defining ideal J. of the curve C for all integer v > 0 [8, §2.3]. Then, by
classical properties of Fitting ideals [22, Chapter 20], we obtain that any free presentation
of R,/J,, as a A-module, has the claimed property. As .J is generated by all the moving
hypersurfaces following ¢, the conclusion follows. O

Although interesting, this property is not of practical interest because it is a difficult task to
compute moving hypersurfaces in general. For instance, the extreme case MH, is a row
matrix filled by columns with a generating set of J.. Nevertheless, with this interpretation,
the main idea of the method of moving hyperplanes, resp. moving quadrics, is to tune
the integer v in order to have a control on the moving hypersurfaces that are needed.
Typically, one may wonder for which integer v the moving hyperplanes, resp. quadrics,
generate all the moving hypersurfaces following ¢ in this degree. Thus, Proposition 20
means that

Yv >y + o —1 J, =1, (5.9)

i.e. above this threshold degree all the moving hypersurfaces following ¢ are generated
by the moving hyperplanes of the same degree following ¢. In the same vain, to prove
Theorem 21, we have to show that

Vv > Hn — 1 J,= (‘]<2>>V (510)

where J(2) C J denotes the ideal of R generated by all the moving planes and moving
quadrics following ¢.

Local cohomology. A key ingredient in analyzing (5.9) and (5.10) is the local cohomology
[22, Appendix 4] of the quotient ring B := R/ with respect to the ideal m = (s, t), denoted
Hi(B), i > 0. Indeed, by definition

HY(B)={pe B:3keNpm* =0} = (I : 3 m*>)/I = J/I.

So, H?(B) is simply the quotient of the ideal of moving hypersurfaces following ¢ be the
ideal of moving hyperplanes following ¢. The other modules H: (B) are obtained as the
cohomology of the Cech complex [22, Appendix 4]; it is of the form

Ca(B):0— B — @ By, = -+ — Byyoa,

where the maps are localization maps with some carefully chosen signs. They inherit from
B the two gradings with respect to s,¢ and x,...,z,. We recall that local cohomology
commutes with direct sums of modules and that the local cohomology of the polynomial
ring R = A ®x K|[s, t] with respect to m is well known: H:(R) = 0if i # 2 and

HX(R)~ A®gS, S:= éK[s‘l,t_l]. (5.11)
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For instance, we deduce that H2(R), = 0 forall v > —2.

The Koszul complex. Another key ingredient to deal with the properties (5.9) and (5.10)
is the Koszul complex [22, Chapter 17]. We consider the Koszul complex associated to
sequence p, . .., p, that generates the ideal 1. We will need to examine both gradings with
respect to K|s, t] and to K|xy,...,z,]: we denote the shifts in degrees by [—], resp. {—},
with respect to Ks, t], resp. K|z, . .., z,,]. With this notation, this Koszul complex is of the
form

Ko K, 2 5 Ky B K Ky=R
where K; = @& | R[—u;]{—1} and K, = APK;, the map d, being given by the row matrix
filled with the p;’s. It is immediate to see that Hy(K,) = R/I = B.

Proposition 24. With the above notation, we have an isomorphism of graded modules

Hy(HZ(K,)) = Ho(B) = J/I.

Proof. This proof uses spectral sequences [22, A.3.13]. Consider the double complex
Cs(K,) obtained from the Koszul complex K, by extending each term K, with its corre-
sponding Cech complex C;(K,). The spectral sequence corresponding to the column
filtration of our double complex converges at the second step because the polynomials

p1,-- -, D, form aregular sequence outside V(m). Therefore, we obtain the following terms
Hy(Hy(K)) -+ Hy(Hi(K.))  Hy(Ho(K.))
0 0 H)\(Ho(KL))
0 0 0.

On the other hand, the row filtration of our double complex gives another spectral se-
quence that also converge at the second step; we get:

0 0 0
0 0 0
H,(Hy(K.)) -+ Hi(Hy(K.)) Ho(Hg(K.))

From here, since Hy(K,) = B, the claimed isomorphism follows from the fact that these
two spectral sequences converge to the same limit, namely the homology of the total
complex of C3 (K,). N

Corollary 25. Assume that v > p, — 1, then we have the following exact sequence of
graded A-modules

@ SV*M*M*M ®x A{_?’} - @ SV*/M*M;‘ ®K A{—Q} - (J/[)V — 0.

1<i<j<k<n 1<i<j<n

Proof. The homology module H,(H?2(K,)) is computed as follows. First, applying the
functor H2(—) to the Koszul complex K, we get the sequence

H2(K3) 2 H2(Ky) 2 H2(K) (5.12)
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where the maps are induced by those of the Koszul complex K,. Then, Hy(H2(K,)) is
simply Ker dy/Imd;. Now, since K, = @] | R[—u;]{—1}, by (5.11) we deduce that

Hi(Ky), ~ @?:1511/*% ®x A{-1}.

In particular, we deduce that for all v > p,, — 2, H2(K;), = 0. Therefore, we deduce that
(Ker dy), = H2(K,),. From here, the claimed result follows by noting that

KQ = @1§i<j§nR[_,ui - :uj]{_2}7

K3 = @1cicjr<n =i — p5 — ] {—3},
and applying again (5.11). O

Theorem 21 follows straightforwardly from this corollary. Indeed, it shows that J, is gen-
erated by moving quadrics modulo the moving planes, i.e. modulo I,,, and that the number
of minimal generators is precisely given by c,. In particular, if v > u, + p,—1 — 1 we get
that (J/I), =0,i.e.that J, = I,.

Duality and Sylvester forms. The proof of Theorem 22 can be seen as a particular case
of an explicit construction of duality isomorphism similar to the one we obtained in Propo-
sition 24. Such an explicit construction already appeared in [41] and [13]. It is beyond the
scope of this paper to give all the details about this construction, but we mention the main
steps to prove Theorem 22.

First, by Koszul self-duality [22, Proposition 17.15], we have a graded isomorphism
Hy(Hg(K.)) = Hyoo(Ko[d — 2])°

where (—)* stands for the dual. Then, one can consider the generalised Morley form that
appears in [41, Section 3] and that gives an explicit construction of the map in Proposi-
tion 24, via the above isomorphism. Then, to obtain Theorem 22 one has to show that for
all degree v > u,, — 1 the graded components of this Morley form coincide with Sylvester
forms. This latter property follows from [40, Proposition 3.11.13] (see also [8, Lemma
2.8)).

The Koszul syzygies. Before closing this section, we discuss the link with the obvious
moving hyperplanes of the form (5.3) that are also called Koszul syzygies. Let us denote
by Ix the ideal generated by these moving hyperplanes. We have I, ¢ I C J. As
the polynomials f,..., f, have no common root in P!, we know that these three ideals
coincide in sufficiently high degrees. Here is a more precise result.

Proposition 26. Forall v > 6 + p, + p,—1 — 1 we have (Ix), = 1,.

Proof. The quotient /Iy is canonically identified with the first homology group H{ of the
Koszul complex associated to the sequence fy, ..., f, which is of the form

Kl = oK %K% K]
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Indeed, the kernel of d; corresponds to the moving planes following ¢ and the image of d,
identifies to the obvious moving hyperplanes. Taking into account the shifts in the grading,
we get the isomorphism (HY), s ~ (I/Ix), for all integer v.

Now, consider the sequence
0— 2 — ki & k{ & K]

where Z{ = Ker d,. Then, playing as in the proof of Proposition 24 with the two spectral
sequences associated to the double complex

0—Co(Zd) = es(kd) L e (k] & e (K,

we deduce that (), = 0 for any integer v such that H2(Z}), = 0.

The two modules ZJ and Z/ are free graded K(s, t]-modules. Consider the canonical map
N2z{ — z]. Since the f;’s have no common root in P!, we deduce that the kernel and the
cokernel of this map are supported on V(m), and therefore it must be an isomorphism,
moreover graded. To conclude, we notice that Z/ ~ @™ K([s, ¢](—é — u,), and the claimed
result follows by (5.11). O

5.2.5 Summary

To summarize, we have built a family of matrices MQ, that provides implicit matrix repre-
sentations of a parameterized curve in arbitrary dimension for all v > p,, — 1, where p,, is
the highest degree of a polynomial in a u-basis of the parameterization of this curve. They
have the following shape:

s fpu, —1<v < pup+ pn1 — 2, then MQ, is filled with moving planes and moving
quadrics. It is exclusively filled with moving quadrics if and only if v = p,, — 1 and
w; =90/nforalli=1,...,n

 Ifv > p, + pn_q1 — 1, then MQ, is filled with moving planes, and it coincides with the
family of matrices M, introduced in [8].

cIfv >0+ p, + pn_1 — 1, then MQ, = M, can be filled from the obvious moving
planes of the form (5.3) without relying on the computation of a p-basis. This is an
improvement of [8, Proposition 26].

Example 14. Consider the following parameterization ¢ of a curve C of degree 6:

fo(s,t) = 3sM? — 95313 — 352t + 12515 + 6t°,

fi(s,t) = —35 + 1855t — 2752 — 125313 + 335%t* + 65t° — 615,
fals,t) = % — 657t + 13512 — 16533 4+ 95%t* + 14st° — 6¢°,
fa(s,t) = =252 4+ 85313 — 145%t* + 20st° — 615.
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The computation of a j-basis of ¢ gives

p1 = (8% —3st+ 1)z + 1%y
pr = (8% —st+3tH)y + (35> — 3st — 3t?)z,
ps = 222+ (s° — 2st — 2t*)w,

so that we have iy = o = g = 2.

This example is taken taken from [39, Example 3.7] where the authors introduce three
quartic surfaces in order to get an implicit representation of the curve C. The equations of
these quatrtic surfaces are given by the resultant of p; and ps, of p; and ps, and of p; and
p3 With respect to the homogeneous variables s and t. Their intersection always contains
the curve C but it may also contains some extraneous components. For instance, in this
example the point ¢ = (1 : 1 : 1 : 1) € P? is not on the curve C, but it belongs to the
intersection of these three quartic surfaces.

In [8, Example 8], this same parameterization is implicitized by means of the matrix of
moving hyperplanes M3 (us + ps — 1 = 3), which is of size 4 x 6. This matrix is proved to
always give an implicit representation of the curve C. Indeed, its rank is equal to 4 after
evaluation at the point q, showing that q ¢ C.

Now, according to the new family of matrices we built in this paper, the matrix of MQ,
(us — 1 = 1) also provides an implicit representation of the curve C. It is a matrix of size
2 x 6, more compact than Ms, which is filled with the 6 Sylvester forms Syl , (pi,pj) and
Syl(o,l)(pi,pj) for1 <1< j < 3. MQ; is printed below.

2xy — y? — 62z — 3yz 2xy + 622 20z — 3zw — yw
—8zy 4y + 1222 + 3yz 2xy —y® — 622 — 3yz —6xz + Sxw + 2yw
Tw 2yz + 622 — byw — 32w —yw — 32w
20z — 3zw — yw —2yz — 622 + Syw 2yz + 62° — byw — 3zw

Matrix M(Q; of moving quadrics corresponding to the space curve parameterization
discussed in Example 14.

5.3 Computational aspects

In this section, we report on some experiments on the computation of the family of matrices
MQ, we have introduced. In particular, we illustrate the gain we obtain with the smallest
matrix MQ,,,_, for deciding if a point belongs to a parameterized curve.

We emphasize that all the applications that are discussed in [8] with the matrices of moving
hyperplanes also apply with our extended family of matrices built with moving hyperplanes
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and moving quadrics. For instance, the curve/curve intersection problem and the compu-
tation of the self-intersection locus of a parameterized curve can be solved with these new
matrices following essentially the same algorithms; we refer the reader to [8] for more de-
tails.

5.3.1 Computation of ;-basis

To take the best advantage of the family of matrices MQ,, v > u, — 1, it is necessary
to compute a pu-basis of the input parameterized curve. Actually, we could argue that
computing only the highest degree p,, of a u-basis would be enough for us, but as far as
we know, there is no known method that allows to compute 1,, without computing an entire
u-basis. For the sake of completeness, we recall very briefly, and give references, for the
three known types of methods for computing a u-basis (see also [38]).

The first dedicated algorithm for computing a p-basis appeared in [11, Algorithm 3.2], in
the case of plane curves. Later, it has been generalised to the case of space curves in
arbitrary dimension in [64, §3]. The method consists in considering the obvious moving
hyperplanes (5.3) (or Koszul syzygies) and then to apply Gaussian elimination techniques
in order to iteratively reduce these moving hyperplanes to a p-basis.

Another approach for computing p-bases comes from the methods and algorithms that
are independently developed in order to compute canonical forms of univariate polynomial
matrices. Thus, a u-basis can be efficiently computed as a Popov form of a matrix built
again from the obvious moving hyperplanes (5.3). As far as we know, the best complexity
algorithm is described in [73]; for further details about Popov forms, we refer the reader
to [70, 49].

Finally, we mention that a third approach for computing p-bases has been recently given
in [36]. It also relies on matrix reductions, but here a finer (partial) reduced row-echelon
form is used.

5.3.2 Computation of the matrices

In this paragraph we report on the size and the computation time of some implicit matrix
representations that are of particular interest, in the case n = 3. More precisely, we retain
the following matrices:

* M: a moving hyperplane matrix. It is considered either in degree § — 1, in order to
avoid the computation of a p-basis, or in its optimal degree i, + p,,—1 — 1, in which
case (the degrees of) a u-basis must be computed.

* MQker: the matrix of moving planes and moving quadrics in degree p,, — 1, computed
using kernel calculations by Algorithm A.8.

* MQsy: the matrix of moving planes and moving quadrics in degree i, — 1 built in
closed form from a p-basis, by means of Algorithm A.9.
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The results are reported below. The algorithms have been implemented in SageMath and
run using an Intel(R) Pentium(R) N3540 CPU @ 2.16GHz on a x64 machine with 4GB of
RAM.

In Table 5.1, we give the computation time of a p-basis and then our two options to build an
optimal implicit matrix representation: a matrix fully composed of moving planes or a mixed
matrix with moving planes and moving quadrics. For these two matrices, the computation
time excludes the computation of the p-basis, which is reported in the second column. It
appears clearly that the matrix with moving quadrics is more expensive to build, because
its entries require calculations.

el o
5 (23| 230ms il e
10 (5,5) 343ms 116(5)2)3(;103 15%);?113
10 (1,9) 292ms :gé(;]os 6?31(213
5 (1.22) | 456ms oams s76ms
9 (333 | 451ms (s 21o4ms
9 (149 | sooms | oeems | 1o60ms
9 (L,L7) 396ms 2?1):11rr513 117;(21:13
15 (555) | 281ms 31,?(,);1153 Sgi(éris
15 (L77) | 647ms 71:3155173 4g()3(;>r?18
15 (L1L13) | 4477ms (;54;(5173 218:2)(()2:133

Table 5.1: Computation time in milliseconds of a y-basis and two typical implicit matrix
representations built from the p-basis.

In the Table 5.2, we assume that a p-basis is unknown and then compare the computa-
tion time of the matrix M;_;, which does not require the computation of a pu-basis, with
the computation time of the matrix MQ,,, _, via our two algorithms, for which a p-basis is
computed. As expected, the faster matrix to compute is M;_;.

In summary, it appears that the new matrix MQ,,, _; is not easier to build compared to the
other matrices that are already known, but their computation time remains acceptable. It
turns out that these implicit matrix representations are only computed once for a curve and
is then stored. So in the end, the computation of the matrix itself is not the most impor-
tant feature, what is the most important is the efficiency of a matrix when one computes
intensively on the curve with it. In the next paragraph, we illustrate this property with the
point/curve intersection problem, i.e. by testing whether a given point belongs to the curve.
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333:;:3@3;3 Ms—1 | MQker,un—1 | MQsyip,—1
5 (2,3) 74ms 305ms 431ms
10 (5,5) 226ms 409ms 1113ms
10 (1,9) 187ms 1055ms 614ms
5 (1,2,2) 120ms 319ms 663ms
9 (3,3,3) 312ms 458ms 1914ms
9 (1,4,4) 384ms 987ms 1912ms
9 (1,1,7) 304ms 2815ms 1150ms
15 (5,5,5) | 931ms 1358ms 5989ms
15 (1,7,7) | 701ms 2311ms 4363ms
15 (1,1,13) | 946ms 8947ms 2526ms

Table 5.2: Comparison of the computation time to build the matrix M;_; with the computation
times of the two algorithms corresponding to build the moving quadric matrices either from kernel
computation or by instantiation of Sylvester forms.

As we will see, for this use the matrices of moving quadrics we introduce behave much
better than the previously known matrices.

5.3.3 The drop-of-rank property

What makes the matrices MQ,, v > u, — 1, implicit representations is the drop-of-rank
property: evaluated at a point p, their rank drops, more precisely their rows are linearly
dependent, if and only if the point p is on the curve. This property gives a very efficient
method to decide if a point belongs to a curve or not.

In Table 5.3, we compare the computation time for testing if a point belongs to a curve by
means of the two moving hyperplanes matrices, Ms_; which is computed without p-basis
and M, .. -1 that requires the computation of a p-basis, and by means of the smallest
matrix of moving hyperplanes and quadrics we obtained, namely MQ,,, ;. In all cases we
tested, whatever the repartition of the degrees ; of the p-basis, this matrix MQ,,,_; was
always more efficient.

Degree § and
degrees (11)s M1 My pra—1 MQun—l
5 (2,3) 54ms 54ms 22ms
10 (5,5) 230ms 230ms 62ms
10 (1,9) 230ms 230ms 121ms
5 (1,2,2) 105ms 61ms 22ms
9 (3,3,3) 353ms 125ms 59ms
9 (1,4,4) 393ms 267ms 78ms
9 (1,1,7) 362ms 256ms 171ms
15 (5,5,5) | 1139ms 377ms 167ms
15 (1,7,7) 1127ms 929ms 199ms
15 (1,1,13) | 1086ms 894ms 534ms

Table 5.3: Average time over a hundred random points for testing if a point belongs to the curve.
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We notice that deciding whether a point in space belongs to a parameterized curve can be
done via a greatest common divisor (GCD) computation once a p-basis is known. Indeed,
let p1, p2, p3 be a p-basis of a curve parameterization, let ¢ be a point in space and denote
by pi(q) the evaluation of p; at the point ¢. Then, the GCD of the three homogeneous
polynomials p1(q), p2(q) and ps(q) is a homogeneous polynomial in the variables s, ¢t whose
degree is equal to the multiplicity of the point ¢ with respect to the curve, in particular
this degree is non-zero if and only if the point ¢ belongs to the curve [71, Theorem 6.4].
However, this method requires exact computations and hence it does not allow to deal with
approximate input data. In addition, the use of exact computations makes the computation
time strongly dependent on the choice of the point ¢q. To be more concrete, we applied
this method to the case of the degree 9 curve with u-basis of type (3, 3, 3) that is used in
Table 5.3. The points are chosen on the curve with five significant digits and are cast to
rational numbers for the GCD computation. We observed an average time over a hundred
random points of 66 121ms and especially a very high standard deviation of 66 593ms
(with @ minimum of 15ms and a maximum computation time of 176 136ms). When the
matrix M(QQ, is used we observe a standard deviation of 7ms, showing a computation time
which is almost independent of the point ¢q. This difference is mostly due to the fact that
the matrices of moving hyperplanes and moving quadrics allow to rely on numerical linear
algebra tools and are thus capable to deal with approximate data and computations.

To conclude, we illustrate that given a point p € C, not only the rank of MQ,,(p), v > pu, — 1,
drops but also its cokernel (left nullspace) allows to recover all the parameters (s : ty) € P!
such that ¢(sq,ty) = p, following the approach developed in [8, 6] with the matrices of
moving hyperplanes.

Example 15. Consider the lemniscate-like space curve C given by

fo(s,t) = (t2 + 32)(154 + %),
fi(s,t) = t(t* — s*)%,
fa(s, t) = t(t* — s,

fs(s,t) = 3s* + ¢

This curve has a self-intersection pointatp := (1 : 0: 0 : 1). The matrix of moving quadrics
MQ, is of size 3 x 6 and, when evaluated at p, has a cokernel given by

v1 = (v11,v12,013) = (1,0,1)

and

Vg = (02,1771272,@2,3) = (07 170)-

None of these vectors are of the form v = (s?, st, t?) but they are linear combinations of the
two vectors corresponding to the evaluation of the form v at the two pre-images parameters
of p. Therefore, to retrieve these two pre-images one can solve the eigenvalue problem

rank(tAgy — sA;) < 2
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where
Ag — ( V11 V12 ) A, — ( V12 V13 >
0 Va1 V22 ’ ! V22 V23 '

We deduce that the pre-images of p correspond to the parameters (s, : ty) = (1 : 1) and
(s1:t1) = (1:-1).

Finally, we notice that the matrix MQ, is of size 2 x 6 and satisfies to the drop-of-rank
property. Its rank drops by 2 after evaluation at p, thus it is equal to the null matrix when
evaluated at p. Therefore, in this case the matrix is too small to allow the inversion of a

multiple point and hence it is necessary to increase the degree v by one. In general a
matrix MQ, allows to invert points having at most v pre-images.
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6. METHOD COMPARISONS

This section presents the features of different algorithms, either standard or presented in
this work, and their practical performances through a number of examples.

In this chapter, we dismiss the case of varieties of dimension 0 and, unless specified
otherwise, homogeneous parameterizations of projective varieties can be used in place
of rational parameterizations of algebraic varieties.

The different algorithms discussed here are the followings.

(MPU) The algorithm A.2 of cuboid-based approximate surface interpolation presented in
the section 3.1.1.

(Slim) The algorithm A.4 of sphere-based approximate surface interpolation presented in
the section 3.1.2.

(Geom) A geometric primitive extraction algorithm based on RANSAC as described in [58].
(IM) The algorithm A.1 of interpolation matrix presented in the section 2.3.

(Impl) A polynomial interpolation algorithm based on the Maple command
[algcurves]implicitize (see [12]).

(CF) The algorithm A.7 based on Chow forms presented in Chapter 4.

(GB) A Grobner basis algorithm based on the Maple command
[Polynomialldeals]EliminationIdeal.

(MQ) The algorithm A.8 of moving quadrics based on syzygies and presented in the chap-
ter 5.

The list above is far from being an exhaustive list of implicitization algorithms. It is meant
both to represent the work of the author and the different approaches in this field.

As seen in Chapter 5, there are several syzygy-based matrix representations. We refer to
the section 5.3 for a comparison between the different matrix representation algorithms,
their advantages and their drawbacks. There are several Grobner basis implicitization
algorithms; we have chosen one that does not necessarily produces reduced Grobner
bases because it is faster. The drawback is that the number of equations given by (GB)
may be not minimal.

6.0.1 Differences in the objectives

In the table 6.1, we list the type of inputs and outputs of each algorithm.

The first distinction between the implicitization algorithms considered is whether they gen-
erate a shape or compute an implicit representation of an existing shape.
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Type of Type of Dimension(s) Exat.:tl
input output Approximate
(MPU) Point cloud I;)%??Lg;ﬁgzt Surfaces in 3D* | Approximate
(Slim) Point cloud Lr?riielcrjnuprléc;t Surfaces in 3D* | Approximate
(Geom) Point cloud Llsghcz‘pbea;sm Surfaces in 3D* | Approximate
(IM) or p:r(::"ltect;leor?zci\tion Implicit matrix Any Exact
mp arameterization mplicit polynomials ny xac
(Impl) P terizati Implicit pol ial A Exact
ational parameterization | Implicit polynomials | Codimension > xac
(CF) Rational terizati Implicit pol ials | Codi i 1 Exact
(GB) Rational parameterization Grobner basis Any Exact
(MQ) | Rational parameterization Implicit matrix Curves** Either exa ct
or numerical

(*) Possibly generalisable to hypersurfaces
(**) Possibly generalisable to any dimension

Table 6.1: Framework of different implicitization algorithms

In the first situation, illustrated by (MPU), (Slim) and (Geom), the input is usually a point
cloud and is not enough to define the target shape uniquely. The shape is thus gen-
erated in the process according to some contraints. In (MPU), the shape generated is
piecewise quadratic minimizing a regularized ¢? distance, the Taubin distance (see the
equation (3.1)); in (Slim), the shape is defined by weighted sums of quadratic polynomials
minimizing a weighted ¢? distance (see the equation (3.4)); in (Geom), the shape is a union
of plane, sphere, cone, cylinder and torus parts that fit parts of the point cloud within an
admissible deviation. Although they produce shapes that may not be algebraic or even
piecewise algebraic, these algorithms use low-degree polynomials (usually 1 or 2 even
though the torus parts of (Geom) are of degree 4).

In the second situation, illustrated by (CF), (GB) and (MQ), the purpose is not to generate
a shape but rather to obtain an implicit representation of an uniquely defined shape (usu-
ally given by a parameterization). These algorithms do not simplify or structure the input
variety: they simply allow more operations to be performed with the help of a change of
representation. Consequently, the degrees of the output polynomials or the size of the
output matrix are not bounded by a constant and depend on the input’'s complexity. In
geometrical frameworks, they are not meant to be used on the whole shape but rather on
the the local patches such as the Bézier patches of a 3D model.

The algorithms (IM) and (Impl) both use interpolation technics in order to produce an im-
plicit representation. They can be used in both situations, for generating a shape or ob-
taining an implicit representation of an existing one. However, both may fail to find an
algebraic variety corresponding to the input: (IM) requires a support of the implicit poly-
nomials and may end up interpolating only a few of the input points if a bad support is
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provided; (Impl) may find implicit polynomials of analytic parameterizations (it implicitizes
correctly the parameterization (cos(t), sin(¢)) of the circle for instance) but fails when there
is none.

The differences between the algorithms (MPU) and (Slim) mainly lie in the way to measure
a shape’s quality. (MPU) is designed to handle sharp features with precision and efficiency
while (Slim) is designed to generate local areas fitting to the output shape (and also provide
a multi-scale approximation). Both the expectations of the user and the kind of shape
to approximate are relevant to the choice of the algorithm. On top of that, the internal
structure of the output of these two algorithms are quite different: one produces an octree
the leaves of which hold local implicit polynomials, the other produces a tree of increasingly
smaller balls that lead to weighted combinations of local implicit polynomials. Ideally, a
rendering engine flexible enough to allow different kind of implicit representations should
be used, in order to use the advantages of each method on 3D models with different kinds
of features. Another possibility is to mesh the shapes, standardising the representation’s
format.

(Geom) is more useful for shape simplification or shape repairing as it produces models
made of very simple parts. Also, contrary to (MPU) and (Slim), (Geom) ignores straight-
forward the points that cannot be fitted to these simple geometric shapes. Thus, it can be
used on point clouds distorted by a lot of noise of certain types (gaussian noises for in-
stance) to filter out the noisy points. It is also very useful for splitting a complex model into
small simple pieces, allowing a preprocessing of a point cloud for a more detailed implic-
itization algorithm or filling the defects that may appear when merging the local patches
together.

There are several differences between the algorithms (CF), (GB) and (MQ). Firstly, the
format of their output is not the same: (CF) only provides implicit equations, (GB) provides
implicit equations that form a Grébner basis of the variety V', which is a finer information
as projections of Z(V') over K|xy, ..., z,| are also computed in the process for example,
and (MQ) provides an implicit matrix representation which is harder to manipulate but more
compact. Secondly, the output format of (MQ) allows to solve the inversion problem: given
a point P on the variety, we can compute the parameters ¢ of the input parameterization
¢ such that ¢(t) = P simply by computing the kernel of the output matrix evaluated at P.
This is a very useful operation to have access to, as explained in the section 5.3.3. The
matrix produced by the method (IM) shares that same property, even though itis much less
efficient because the matrix is much bigger. Note that the GCD method described in the
section 5.3.3 - which requires the computation of a u-basis of a rational parameterization
- may also be used to solve the inversion problem: the GCD computed for checking the
ownership of a point outright gives the related parameters when the point belongs to the
variety. Also, although they all handle varieties of any positive dimension embedded in
spaces of any dimension, (CF) fares better on low dimensional varieties (eg. curves).
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6.0.2 Performances: change of representation algorithms

The tests done for this section have been run using an Intel(R) Core(TM) i5-6200U CPU
@ 2.30GHz, 2400 Mhz, 2 Core(s), 4 Logical Processor(s) on a x64 machine with 8GB
of RAM. We used Maple implementations of the algorithms (Impl), (CF) and (GB) and a
SageMath implementation of (MQ).

One problem shared by many exact implicitization algorithms is the presence of base
points in the given parameterization. As seen in the section 2.1, base points sometimes
cannot be avoided and are an obstacle to even the simplest Grobner basis methods. Base
points are also troublesome in direct uses of resultants as they may cause a resultant to
identically vanish depending on what that resultant is applied on. However, although it
may require tricks to bypass the obstacle, most of algorithms (and all of those discussed
in this section) can deal with parameterizations that have base points. To be exact, the
algorithm presented in [6] that is similar to (MQ) requires a subtle hypothesis on the base
points of the input: the parameterization must be a local complete intersection around its
base points. However, as said in [6], the problem arising when we do not have a local
complete intersection is not disastrous.

Note that the algorithm A.7, (CF), can be easily parallelised as the computation of each im-
plicit equation can be done independently. This effectively reduces its runtime by a factor
equal to the number of equations required (three for space curves). For a fair comparison,
we do not use parallelisation in the runtimes presented here because we have not studied
the potential of parallelisation of the other algorithms.

The output of the matrix representation (MQ) and interpolation (MI) algorithms are sym-
bolic matrices that have the drop of rank property. In order to get outputs comparable
to the outputs of (CF), (GB) and (Impl), it is possible to retrieve implicit equations from
such matrices by computing their minors of size equal to the maximal rank of the matrix.
However, this is not the aim of these algorithms, not to mention that computing all the
minors quickly becomes too expensive. We could nonetheless compute the minors of the
output of (MQ) for space curves of parametric degree up to 7. These minors yield, up
to constant factors, the same equations as the (GB) method. The minors of the matrices
computed by (MI) depend on the set of monomials used as input. Computing these minors
takes longer than 30 min already for space curves of parametric degree 4. The algorithm
(CF) outputs a different set of equations. For curves of moderate and high degrees, the
Sylvester resultant computation represents more than 99% of (CF)’s computation time.

For curves parameterized by polynomials of degree up to 6, all methods are comparable
in running time, with (CF) and (GB) being slightly better generically. For larger degrees
(GB) outperform (CF) by a factor that depends on the degree and the sparseness of the
parametric polynomials and ranges from 10 to 10%. While (MQ) fares correctly for generic
space curves of degree less than 10, it is never the fastest method.

In the table 6.2, we show the effect of the u-basis degree on the algorithms’ efficiency.
Indeed, the degrees of the u-basis influences the number and degrees of implicit equations
of a variety. In that table, the space curves are generated by taking 12 random polynomials
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et e | o | e |

7(2,2,3) 80ms 120ms 30ms 80ms
> 52 equations | 3 equations | 8 equations | Matrix 3x7

7(1,2,4) 120ms 90ms 30ms 100ms
> 77 equations | 3 equations | 6 equations | Matrix 4x8

9(3,3,3) 170ms 190ms 90ms 50ms
> 79 equations | 3 equations | 12 equations | Matrix 3x9

9(1,4,4) 310ms 210ms 80ms 130ms
> 163 equations | 3 equations | 10 equations | Matrix 4x9

9(1,1,7) 300ms 240ms 70ms 290ms
. 157 equations | 3 equations | 9 equations | Matrix 7x14

Table 6.2: Runtime and output size of different algorithms depending on the .-basis degrees of the
parameterization

of fixed degrees (piw, Pius P1y, P1z, P2ws P2ss D2ys D22y Paw, D3as Pay, P32) 10 be the p-basis; the
space curve’s homogeneous parameterization is then given by:

Piz P2z P3z Piw P2w P3w Piw P2w P3w Piw P2w P3w
Py D2y D3yl —|Pwy Doy D3y|:|Plz Pow D3c|:— |Piz D2z Dae (6.1)
Piz P2z P3z Piz P2z D3z Piz P2z D3z Piy P2y D3y

We see that (Impl) is much less efficient when p,, and u,,_; are higher (here, n = 3).
Indeed, (Impl) requires the computation of implicit equations of higher degrees in that
situation in order to implicitize the curve. Moreover, because an implicit equation of a
given degree produces three other equations a degree further, (Impl) computes a lot of
redundant equations. While the method (MQ) is also running worse when the p-basis is
unbalanced, it is not so clear for the method (CF). Indeed, the number of output equations
is always 3 when using (CF) and the measure of the complexity really is the degree of
the parameterization. The differences in (CF)’s runtime is unclear and may be due to
the relative height of the parameterizations’ coefficients because of the way we generate
the parameterizations with the equations (6.1). The Grobner basis algorithm (GB) fares
the best regarding the u-basis degrees as unbalanced degrees are even slightly easier to
implicitize with that method. Indeed, the problem with Grobner basis algorithms usually do
not lie in the degree of the implicit equations sought but rather in polynomial gcd that needs
to be computed during the process. The condition of genericity for these Grébner basis
algorithms to run fast is a technical condition: the variables z;, t; must be in simultaneous
Noether position w.r.t. polynomials generating the ideal of which we compute the Grobner
basis (see [3]).

Though the runtime per equation of (Impl) is lower than that of (CF), the number of implicit
equations that (Impl) outputs cannot be predicted as it does not depend on the input pa-
rameterization’s degree only but also on the balance of its p-basis (and the precision of
(Impl)’s internal computations of integrals and kernel). Amongst these, some equations
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can be redundant. In contrast, (CF) return the implicit equations one by one, and Theo-
rem 12 guarantees that 3 of them define the curve set-theoretically. The algorithm (GB)
also returns a small set of equations, though not necessarily minimal, and (MQ) produces
a compact matrix.

On the other hand, (CF) always outputs equations of the same total degree which is the de-
gree ¢ of the parameterization while (GB) and (MQ) produce equations of optimal or close-
to-optimal degrees (see the section 5.2.3 for a discussion about non-optimal quadratic
matrices). The total degree of equations outputted by (Impl) must be provided by the
user. For generic space curves, the degree of the implicit equations can be as low as
(%‘51. However, for non-generic space curves (with unbalanced p-basis degrees), some
of the implicit equations may require to be of degree ¢ (this extreme case is met for space
curves included in a plane, that is with ; = 0). In such situation, the runtime of (Impl) is
very high because it outputs extremely many implicit equations of relatively high (most of
them being redundant).

In terms of theoretical time complexity, the Grébner basis algorithms are known to have
an horrendous and rather misleading worst-case complexity because of the same rea-
son mentioned above (described in [3]). This worst-case complexity cannot be lower than

O (né(”*d?‘l)w> asymptotically in §, where we recall that n is the dimension of the am-

bient space, ¢ is the degree of the parameterization and d is the dimension of the vari-
ety V; w is the matrix multiplication complexity exponent, which is w ~ 2.373 when us-
ing the Coppersmith—Winograd algorithm [46]. In generic cases though, this complexity
can drop to O (53(d+”)). The algorithm (CF) has at worst n times the complexity of re-
sultant algorithms, namely a complexity of O (nd?) for Sylvester resultants (i.e. for the
cases d = 1 and n > 2) and an asymptotic complexity of O (nd??) for sparse resul-
tants (see [23] for a more accurate complexity). The complexity of (MQ) for curves is
the same as a (1, ("5")) x (1. ("3'))-matrix kernel computation complexity (either exact

2 2
or numerical depending on the use), so O (y“n?*?). Finally, (Impl) has a complexity of

@) ((”*’“)2> x O ([ $**) where £ is the degree of the output equations provided by the user

(typically, ©15 < k < §) and O ([ ¢**) is the complexity of computing (numerically or
exactly) an integral of type ¢{" ... ¢ with |o| < 2k.
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7. CONCLUSION

We have seen that implicitization is not a trivial operation. Although most simple varieties,
e.g. the hypersurfaces of degree 1 or 2, can be represented both implicitly and paramet-
rically, and their representation can be switched effortlessly, it is not the case any more
beyond that algebraic complexity threshold. For these difficult varieties, various implicitiza-
tion algorithms exist without one being superior to all the others in all the situations. Simple
varieties for their part, are often constructed as approximations of complicate shapes or
point clouds and they also require different kinds of methods for which design purposes
are at least as important as algorithmic efficiency.

The cases of plane curves, space curves and surfaces being the most useful geometrically,
they are highlighted in our work. The implicitization of swept volumes are specific to 3D
shapes (surfaces bounding an object). Most of the examples and applications found in
the literature are restricted to the cases n = 2 or n = 3 and so are most of our examples
too.

However, the algebra behind the methods that we developed are mostly better under-
stood when dealing with the general case. Dealing with varieties of different dimensions
embedded in spaces of different dimensions is one of the advantages of the algebraic
theory underlying most of the algorithms presented in our work. Algebra also provides the
correct ways to measure the inherent complexity of shapes. The degree of the varieties, of
course, but also the algebraic genus for their rationality, the presence of base points and,
as we have seen in Chapter 5, the balance of the p-basis degrees. This latter algebraic
invariant explains why varieties parameterized by low degree polynomials but unbalanced
p-basis degrees sometimes turn out to be more difficult to implicitize for several algorithms
than varieties parameterized by polynomials of higher degrees.

When trying to generalise this syzygy-based quadratic matrix representation, the third
syzygy module (that is, cubic relations between the parametric polynomials) has been
considered. Surprisingly, it does not provide better results in the sense that we loose the
equivalence of the drop of rank of the matrix evaluated at a point and the ownership of
that point to the variety (there can be false positive). Another consideration is that looking
at the theorems (20 and 21): M, is a matrix representation for v > u, + un — 1 — 1, MQ,
is a matrix representation for v > u,, — 1...what would be the threshold for cubics? The
answer is not clear as if such result exists, the threshold would surely involve 1,, and be
lower than i, — 1 somehow. Relations of degree 2 are thus special in that sense. As
stated in Chapter 1, varieties that can be blown up to varieties of degree 2 are special in
the sense that they are rational; we have no clue about a relation tying these two facts
though.

The work done on swept volumes in Chapter 3 induces the question of whether algorithms
should be developed to be more adapted to different kinds of informations that could be
known about an object (in this situation, a swept volume is not just any kind of object but
an object obtained from a rigid motion of a base volume, which can be seen as a gener-
alisation of surfaces of revolution). Indeed, the difficulty of the problem of implicitization
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may lead to try to integrate somehow the extraneous informations the user could know
about the object in order to ease the problem. On the other hand, multiplying the number
of representations may lead to compatibility problems: most probably, a balance between
standardisation and adaptability is what we are heading to.

A continuation of the work done here would be to examine more closely the advantages
and drawbacks of each implicitization algorithms and, more generally, algorithms for change
of representations. This would not be an easy task because the perspective of impliciti-
zation algorithms may vary from one to another. An epitome of this fact can be seen in
the various error measurements used when doing approximate implicitization: the MPU
method uses a combination of the Taubin distance and the maximal angular distance of
normals to spot edges and corners, the Slim method optimizes a regularized ¢> norm
weighted by a Gaussian-like weight, the geometric primitive extraction method used in
Chapter 6 uses a fuzzy norm. Some error measurements are chosen in view of some
design quality goal, some others are chosen for practical reasons of algorithm speed or
convergence, most error measurements are chosen with a combination of design quality
and practical reasons. It may be impossible to only choose an error measure that would be
suitable for all the approximate implicitization algorithms. It might be possible to classify
them in some wide classes of quality measurements, such as ¢! distance (optimization of
the homogeneous mean of errors), (> distance (optimization of the maximal error), with
or without considering errors smoothness constraints, etc. The possibility to have multi-
scale representations such as a detailed but slow representation and a fast but coarse
representation is also to be considered, especially in situations of real-time rendering and
for objects that can be previewed.

In terms of exact implicitization, the problem of finding the best algorithm to use in a given
situation is slightly easier to grasp. The differences between algorithms lie in the types
of variety handled, the input informations required by the algorithms, the efficiency of the
algorithms and the format of the output implicit representation. In the industry, implicit
representations are often implemented to be polynomials or functions; the implicit ma-
trix representation that we developed in Chapter 5 may require updates of softwares for
them to be usable, despite their advantages (in particular, the fact that they can solve
the inversion problem, finding the parameters associated with a point lying on the vari-
ety). Aside from that practical issue, it should be possible to design a toolbox containing
several implicitization algorithms and organise that toolbox so that the best algorithm is
picked automatically in a given situation. This kind of work has been done before and the
implicitization routines of the most complete softwares usually pick an algorithm amongst
several ones depending on the complexity of the input. This has to be updated regularly,
maybe including approximate implicitization methods in the toolbox.

Several ways to optimise existing algorithms can be considered. Parallelisation is an op-
timisation that is usually simple to implement. The algorithm of Chapter 4, for instance,
can be parallelised easily to reduce its runtime by a factor of n since each equation is
computed independently and only a very simple check should be performed on the ran-
domised points in order to obtain a set of equations intersecting exactly on the variety that
must be implicitized. Another optimisation, in particular when dealing with linear algebra
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(which is often the case to some extent), is to make use of calculus in fields of non-zero
characteristic. Indeed, computation in these fields is faster and, properly analysed, may
provide the results of computation in field of characteristic zero. It is however a whole
world in itself to study the relationship between fields of different characteristics and be
able to use finite fields advantageously for speeding up computations.

A very trendy approach is the use of neural networks, and more precisely deep learning
methods, to achieve various kinds of goal. Deep learning can indeed be trained on pro-
ducing implicit representations starting from various kind of inputs. The results should be
quite good for approximate implicitization but hardly usable for exact implicitization, as we
leave the world of algebra. Another advantage of deep learning methods is that they get
extremely efficient with the class of shapes they are trained on. While algebraic meth-
ods and, to a lesser extent, usual approximation methods are able to handle correctly a
wide variety of shapes, even bizarre ones, because their heuristical aspects are adjusted
by the implementations (e.g. the error measurement discussed before), neural networks
automatically adapt to the objects they are given and are more efficient on similar ones.

However, we think that there is and there will always be room for algebraic standpoints
when it comes to representations of geometric objects. Indeed, the richness of algebraic
structures offers possibilities for geometric operations that are not possible otherwise, be-
cause polynomials are well-known and easy to handle. Approximate implicitization may
have little use of algebraic theory; however, when it comes to exactness and conversions
without loss of precision, the polymorphous algebra toolbox is there to avail.
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ABBREVIATIONS - ACRONYMS

EKIA | EBviko kai KatrodioTpiakd MavemoTrpio ABnvwv

NKUA | National and Kapodistrian University of Athens

INRIA | French National Institute for Research in Computer Science and Automation
AMNO | ApioTtotéAcio MavetmoTiuio @ecoalovikng

AUT Aristotle University of Thessaloniki

M MavemmoTtnuiou MNartpwv

uUpP University of Patras

WLU | Wilfrid Laurier University of Waterloo

CAGD | Computer-Aided Geometric Design

CAE Computer-Aided Engineering
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APPENDIX A. ALGORITHMS

Figure A.1: Algorithm - Interpolation matrix

Input: V parameterized as in the equations (3).
Or a set of monomials S and a point cloud (z;), C V of at least |S| points
such that S contains all monomials of a set of generators of Z(V).
Output: An interpolation matrix A/ (z) whose rank drops on V.
1: if S is not given then
2 Letv =[], max;(deg, (/).
3 Let S = (my,...,m5) be the monomial basis of polynomials of degree < v.
4: end if
5: Pick p random points (Zx)1<k<, On V with |S] < p < 2|5
6: Construct M" := (m;(Zk))1<i<|s|,1<k<pu-

7: Construct M(x) = (S]\é))'
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Figure A.2: Algorithm - MPU

1
V3

(typically, o = 0.75)

(typically, Ngin = 15)

(see A.3)

(typically, e, = 10~%)

Input: A point cloud P.
The normals A\ of that point cloud.
Output: A suitable local implicit representation for P.
1: Compute a bounding box A; of P.
2: Rescale such that A, is a cube of diagonal length 1, i.e. of edge length —.
3: LetA=F=0.
4: Let S = {A;}.
5. while S is not empty do
6: Pick a € S; a is a cube of diagonal length d.
7 Let C be the sphere centred on the cube a of radius R = ad.
8: if C' contains less than N, points then
9: Let C’ be an enlargement of C that contains at least N, points.
10: end if
1: Let f be a MPU local approximation of P N C".
12: if it failed then
13: Subdivide « into 8 cubes and add them to S.
14: continue
15: else if C contains no point then
16: Add ato Aand f to F.
17: continue
18: end if
19: Lete=maxyepnolf(p)|/IIV (D)l
20: if ¢ < ¢ then
21: Add ato Aand f to F.
22: else
23: Subdivide « into 8 cubes and add them to S.
24: end if

25: end while
26: return (A, F') after rescaling it back.
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Figure A.3: Algorithm - Local MPU Approximation

Input: A sphere of centre c and radius R.

A cube a with the same centre ¢ and diagonal length d.
A point cloud P’ = (p;); of at least N, points inside that sphere.
The normals N = (n;), of that point cloud.

Output: A local approximation of P'.

W W WwWWNNNRNNRNRNRNRNRNDS = & a8 s 3 4
PFONSQOX®NIAORE®NTOO00NIOREWON 200

35:
36:

NN 2

Letn=>.b (‘9’”’;1'—1;6”) n; where b is the quadratic B-Spline then normalise n.

Let # be the maximal angle between n and n; € N".
if |P’| > 2Nmin and 6 > /2 then (case (a))
Let  be the corners of a and its centre. (IQI=9)
for ¢ € Q do
Get the 6 nearest neighbours p¥) of ¢ in P'. (j=1,...,6)
if n) - (¢ — pY)) have different signs then Remove ¢ from Q.
end for
if () is empty then return FAIL.
return / minimizing (3.1).

. else if |P'| > 2Ny, and 6 < 7/2 then (case (b))

Let (u,v,n) be an orthonormal local coordinate system centred on c.
return f of the form (3.2) minimizing >, w(p;) f (p:)*-

. else (case (c))

Let p, p® € P’ and ¢ such that § = n™ - n® = min, ;n; - n;.
if 0 > Osparp then return f of the form (b) (typically, Osparp = 0.9)
Split P’ = P! U P}, using a spherical Voronoi partition w.r.t. n*) and n®. (see [50])
Let e = n(Y x n®, an approximate of the direction of the potential edge.
if max;|n; - e| < Ogomer then (typically, Ocorner = 0.7)
Let f1, f> of the form (b) w.r.t. P;, P, respectively.
return f = min(f, f2).
end if
for p, € P' do
if [n(V) - n,| < le-n;| and [n® - n;| < |e-n,| then
Add p; to a third set P; and remove it from P; or P.
end if
end for
Let p®), p™ € Pj such that n® - n™ is the smallest amongst points in P;.
if n® . n® > g then
Let f1, fo, f3 of the form (b) w.r.t. P;, P5, P} respectively.
return f = min(f, f2, f3)-
end if
Split P4 = P} U P% using a spherical Voronoi partition w.r.t. n®® and n®.
Let f1, fo, f4, f5 Of the form (b) w.r.t. Py, P}, P,, P. respectively.

return f = min(fy, f2, f1, f5)-
end if
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Figure A.4: Algorithm - Slim

Input: A point cloud P.
The normals N of that point cloud.
Output: A suitable local implicit representation for P.
1: Let Rep = 0.
2: Let By = { By, Bo1, - - - } be a cover of P by balls By; of radius py.
3 (typically, po is 1/10 of the main diagonal of the whole object’s bounding box)
4: Let U = P, alist of “uncovered” points.
5. Let k =1 and p; = gpo. (typically, g = @ the golden ratio conjugate)
6: while U is not empty do
7 Let pr11 = gpr-
8: Let By, = {Bko, B, - - - } be a cover of U by balls of radius p.
o: for B € BB, do

10: Compute an approximation Fz by minimizing (3.4). (typically, Typ. = 0.02)
11: if E(pry1) > FE(pr) < E(pr—1) and e(prr1) < €(pr) < €(px—1) then  (see (3.5))
12: Remove the points P N B from U and add (B, F) to Rep.

13: else

14: Optionally store (B, F'g) at the level k of a multi-scale representation.

15: end if

16: end for

17: Increment k.

18: end while
19: return the representation Rep.
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Figure A.5: Algorithm - Implicit representation of swept volume from implicit representation of
base volume

Input: A base volume B, possibly given with distance functions.
A rigid transformation 7.

Output: A procedural implicit representation of 7 (1), possibly allowing distance computation.
/* Computing a bounding box can be done by min, := r + min,(v(t),), etc.
where r is the radius of a bounding sphere of B and v is the translation
vector of T */

1: Compute a bounding box B of T(B).

/* Compute a suitable partition of B */

2: Let C := {B}

3. fori=0,..., M do

4: Split C' at the position [T (a + i(b — a)/M)](Centre(B)) w.r.t. the coordinate maxi-
mizing |v'(a + i(b — a)/M)|

5. end for
/* Setup the tree structure of the representation */
6: forc e C' do (see the remark 1 for a smarter loop)

/* Computing the intersection of a moving area with a cuboid.

The formulae depend on the type of the moving area (cube, sphere..).*/
7: Compute the local areas A, := {(A;, [to, t1]) | Yt € [to, t1],c N [T ()](A;) # 0}
end for
9: return C, {A.}

®
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Figure A.6: Algorithm - Usage of the swept volume implicit representation provided by the
algorithm A.5

Usage: Check ownership of a query point P.

- A =
wnNnN o0

@ NoahR N2

Compute intersections with a query ray R.
/* Ownership of P */
Find cell c € C' suchthat P € ¢
if there is no such cell then
return false, “P is far away”
end if
Letd < 4+
for all (A;, [to,11]) € A. do
SolVe (t, dimp) < MiNyciyy. (F((T ()] 71 (P))) (*)
if [7(¢)]"(P) is on the inner boundary of A; then
return true, “P is far inside”
end if
Let d < min(d, dimp)

: end for

return d <0,d (d is a signed distance of T (B), assuming F; are local signed
distances of B)

©

10:
11:
12:

N a RN

/* Intersection with ray R={R,+sRs|s e R} */
Find cells C such that RNc # 0,Vc € Cr
Sort Cr by distance w.r.t. R,
forall c € Cr do
for all (A;, [to,#1]) € A. do
Let I < {t € [to,ta] | [T(1)] 7' (R) N A; # 0} ()
if 7 # () then
Let s+ min({s | £ € L, [T(1)] "' (R(s)) € A, H(T(1)] ' (R(s))) < 0}) ()
return R(s)
end if
end for
end for
return “R does not intersect 7 (B)”

(*) Using Newton or bisection algorithms depending on the properties of F;
(**) Using the Newton algorithm if a suitable ray/object distance is provided or the bisection
algorithm else
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Figure A.7: Implicit representations of a d-dimensional variety V C P

Input: V, parameterized by z; = f;(t),7 =0,...,n.
Number of iterations p (= 3 when n = 3).

Output: p polynomials vanishing on V.

1. fork=1,...,pdo

2: Define a (n — d — 1)-dimensional linear subspace by affinely independent random
points G = {G4,...,G,_q 1} none G, ¢ V (1 < j < n—d— 1), and consider symbolic
point & = (&, ..., &).

3 Define d + 1 hyperplanes H; through G, &, P;, for random point sets P; affinely inde-
pendent from points in G.

4: Set z; = f;(t) in the equations of H;: their resultant Rg, where we eliminate ¢, is
the sought polynomial in &.
5: Compute the extraneous factor £ using the exterior algebra recursive formula.

Then divide Rg by F as many times as possible to obtain Egq, := S}.
6: end for
7: return Eq,, ..., Eq,

Figure A.8: Algorithm - Construction of the matrices MQ,

Input: A parameterization ¢ of a curve as defined in (5.5).
An integer v.
Output: A matrix MQ, .

1: Compute a basis of the moving hyperplanes following ¢ of degree v and build the
matrix M,,.
2: Compute a basis (Q1,...,Q.,) of the vector space W, /V,; its k-th element is of the

form
124
_ v—I4l
Qi = E E ChlijS Ux;x;

0<i<j<n 1=0

3: Define the matrices M, ; = (cx..,;)1x @nd the matrix Q, = Zo<i<j<n M; jxix;.
4: Return the concatenated matrix -

M@V:(MV‘QV)

115 C. Laroche



Compact and efficient implicit representations

Figure A.9: Algorithm - Construction of MQ,, _;

Input: A parametric curve ¢ defined by (5.5).
Output: The matrix MQ,,, 1.

1

2

e

©

: Compute a p-basis (py, ..., p,) of ¢. Let u; be the degree of p; and assume that p; <

v < .
: Let B be a basis of the polynomial of degree 1, — 1, for instance

Bi= {shnl ghn=2p | 1),

Initialize the matrix MQ,,,_, to the empty matrix. We build it by successively adding
columns as follows.

Forifrom 1ton—1 add a block of 1, — 1; columns to the matrix MQ,,, _, corresponding
to the coefficients of the polynomials

—pi—1 — i —2 —pi—1
{Sﬂn i pivsun i tp“.”,t,u«n Hi pz}

with respect to the polynomial basis B.
fori=1,...,n—1do
forj=i+1,...,ndo
if v, := pi + p; — p, —1 > 0 then add a block of v; ; + 1 columns to the matrix
MQ,,, -1 corresponding to the coefficients of the Sylvester forms

{Syl,(pi; pj) : laf = vy}

with respect to the polynomial basis B.
end for

end for

: return Return the matrix MQ,,,, ;.

C. Laroche 116



Compact and efficient implicit representations

REFERENCES

[1] Pierre Alliez, David Cohen-Steiner, Yiying Tong, and Mathieu Desbrun. Voronoi-based variational re-
construction of unoriented point sets. In Proceedings of the Fifth Eurographics Symposium on Geometry
Processing, SGP '07, pages 39-48, Aire-la-Ville, Switzerland, Switzerland, 2007. Eurographics Associ-
ation.

[2] Chanderjit Bajaj and Insung Ihm. Hermite interpolation of rational space curves using real algebraic
surfaces. In Proc. ACM Symp. on Comput. Geometry, pages 94—-103, 1989.

[3] Magali Bardet, Jean-Charles Faugére, and Bruno Salvy. On the complexity of the F5 Grdbner basis
algorithm. Journal of Symbolic Computation, 70:49-70, September 2015.

[4] David N. Bernshtein. The number of roots of a system of equations. Functional Analysis and Its Appli-
cations, 9(3):183-185, 1979.

[5] Bruno Buchberger. Ein Algorithmus zum Auffinden der Basiselemente des Restklassenringes nach
einem nulldimensionalen Polynomideal. Dissertation an dem Math. Inst. der Universitat von Innsbruck,
1965.

[6] Laurent Busé. Implicit matrix representations of rational Bézier curves and surfaces. Computer-Aided
Design, 46:14-24, Jan 2014. Spec. Issue 2013 SIAM Conf. Geometric & Physical Modeling.

[7]1 Laurent Busé and Marc Chardin. Implicitizing rational hypersurfaces using approximation complexes.
J. Symbolic Comput., 40(4-5):1150-1168, 2005.

[8] Laurent Busé and Thang Luu Ba. Matrix-based implicit representations of rational algebraic curves and
applications. J. CAGD, 27(9):681-699, 2010.

[9] Laurent Busé, André Galligo, and Jiajun Zhang. Extraction of cylinders and cones from minimal point
sets. Graphical Models, 86:1-12, Jul 2016.

[10] Laurent Busé, Clément Laroche, and Fatmanur Yildirim. Implicitizing rational curves by the method of
moving quadrics. Computer-Aided Design, 114:101-111, Sep 2019.

[11] Falai Chen and Wenping Wang. The p-basis of a planar rational curve - properties and computation.
Graphical Models, 64:368-381, 02 2003.

[12] Robert M. Corless, Mark W. Giesbrecht, llias S. Kotsireas, and Stephen M. Watt. Numerical impliciti-
zation of parametric hypersurfaces with linear algebra. In Proc. AISC, pages 174-183, 2000.

[13] David A. Cox. Bezoutians and Tate resolutions. J. Algebra, 311(2):606—618, 2007.

[14] David A. Cox, John Little, and Donal O’Shea. Using algebraic geometry. Number 185 in GTM. Springer-
Verlag, New York, 2nd edition, 2005.

[15] David A. Cox, John Little, and Donal O’Shea. Ideals, varieties, and algorithms. Springer International
Publishing, 2015.

[16] David A. Cox, Thomas W. Sederberg, and Falai Chen. The moving line ideal basis of planar rational
curves. J. CAGD, 15(8):803-827, 1998.

[17] John Dalbec and Bernd Sturmfels. Introduction to Chow forms. In Neil L. White, editor, Invariant
Methods in Discrete and Computational Geometry: Proc. Curagao Conference, 13—17 June, 1994,
pages 37-58. Springer, 1995.

[18] Carlos D’Andrea. Macaulay-style formulas for sparse resultants. Trans. Amer. Math. Soc., 354:2595—
2629, 2002.

117 C. Laroche



Compact and efficient implicit representations

[19] Carlos D’Andrea. On the structure of u-classes. Communications in Algebra, 32:159-165, 03 2004.

[20] Gema M. Diaz-Toca and Laureano Gonzalez-Vega. Barnett’s theorems about the greatest common
divisor of several univariate polynomials through Bézout-like matrices. J. Symbolic Comput., 34(1):59—
81, 2002.

[21] Tor Dokken. Approximate implicitization. In Mathematical methods for curves and surfaces (Oslo
2000), Innov. Appl. Math., pages 81-102. Vanderbilt Univ. Press, Nashville, 2001.

[22] David Eisenbud. Commutative algebra, volume 150 of Graduate Texts in Mathematics. Springer-
Verlag, New York, 1995. With a view toward algebraic geometry.

[23] loannis Z. Emiris. On the complexity of sparse elimination. Journal of Complexity, 12(2):134—166, jun
1996.

[24] loannis Z. Emiris and John F. Canny. Efficient incremental algorithms for the sparse resultant and the
mixed volume. Journal of Symbolic Computation, 20(2):117-149, Aug 1995.

[25] loannis Z. Emiris, Vissarion Fisikopoulos, Christos Konaxis, and Luis Pefiaranda. An oracle-based,
output-sensitive algorithm for projections of resultant polytopes. International Journal of Computational
Geometry & Applications, 23(04n05):397—-423, Aug 2014.

[26] loannis Z. Emiris, Tatjana Kalinka, and Christos Konaxis. Geometric operations using sparse interpo-
lation matrices. Graphical Models, 82:99-109, November 2015.

[27] loannis Z. Emiris, Tatjana Kalinka, Christos Konaxis, and Thang Luu Ba. Sparse implicitization by
interpolation: characterizing non-exactness, and an application to computing discriminants. J. CAD,
45:252-261, 2013.

[28] loannis Z. Emiris, Christos Konaxis, llias S. Kotsireas, and Clément Laroche. Matrix representations
by means of interpolation. In Proceedings of the 2017 ACM on International Symposium on Symbolic
and Algebraic Computation, ISSAC ’17, pages 149-156, New York, NY, USA, 2017. ACM.

[29] loannis Z. Emiris, Christos Konaxis, and Clément Laroche. Implicit representations of high-
codimension varieties. Computer Aided Geometric Design, 74:101764, Oct 2019.

[30] Elisabetta Fortuna, Patrizia Gianni, and Barry Trager. Generators of the ideal of an algebraic space
curve. Journal of Symbolic Computation, 44(9):1234—1254, Sep 2009.

[31] Israel M. Gelfand, Mikhail Kapranov, and Andrei Zelevinsky. Discriminants, resultants and multidimen-
sional determinants. Birkhauser, Boston, 1994.

[32] Herwig Hauser. The Hironaka theorem on resolution of singularities. Bulletin of the American Mathe-
matical Society, 40(03):323-404, May 2003.

[33] Francis Hill. Computer graphics : using OpenGL. Pearson Prentice Hall, Upper Saddle River, NJ,
2007.

[34] Heisuke Hironaka. Resolution of singularities of an algebraic variety over a field of characteristic zero.
The Annals of Mathematics, 79(1):109, Jan 1964.

[35] Friedrich Hirzebruch. Topological methods in algebraic geometry. Springer Berlin Heidelberg, 1966.

[36] Hoon Hong, Zachary Hough, and Irina A. Kogan. Algorithm for computing p-bases of univariate poly-
nomials. journal of Symbolic Computation, 80:844—-874, 2017.

[37] Gabriela Jeronimo, Teresa Krick, Juan Sabia, and Martin Sombra. The computational complexity of
the Chow form. Foundations of Computational Mathematics, 4(1):41-117, Feb 2004.

[38] Xiaohong Jia, Xiaoran Shi, and Falai Chen. Survey on the theory and applications of u-bases for
rational curves and surfaces. journal of Computational and Applied Mathematics, 329:2-23, 2018. The
International Conference on Information and Computational Science, 2—-6 Aug. 2016, Dalian, China.

C. Laroche 118



Compact and efficient implicit representations

[39] Xiaohong Jia, Haohao Wang, and Ron Goldman. Set-theoretic generators of rational space curves. J.
Symbolic Comput., 45(4):414—-433, 2010.

[40] Jean-Pierre Jouanolou. Formes d'inertie et résultant: un formulaire. Advances in Mathematics,
126(2):119-250, 1997.

[41] Jean-Pierre Jouanolou. An explicit duality for quasi-homogeneous ideals. J. Symbolic Comput.,
44(7):864-871, 2009.

[42] Young J. Kim, Gokul Varadhan, Ming C. Lin, and Dinesh Manocha. Fast swept volume approximation
of complex polyhedral models. Computer-Aided Design, 36(11):1013 — 1027, sep 2004. Solid Modeling
Theory and Applications.

[43] Leif Kobbelt, Mario Botsch, Ulrich Schwanecke, and Hans-Peter Seidel. Feature sensitive surface
extraction from volume data. In Proceedings of the 28th annual conference on Computer graphics and
interactive techniques - SIGGRAPH '01. ACM Press, January 2001.

[44] Ernst Kunz. Introduction to commutative algebra and algebraic geometry. Modern Birkhauser Classics.
Birkhauser Basel, 2013.

[45] Clément Laroche. An implicit representation of swept volumes based on local shapes and movements.
arXiv technical report, 2020. https://arxiv.org/abs/2003.11527.

[46] Francois Le Gall. Powers of tensors and fast matrix multiplication. In Proceedings of the 39th Interna-
tional Symposium on Symbolic and Algebraic Computation - ISSAC '14. ACM Press, 2014.

[47] William E. Lorensen and Harvey E. Cline. Marching cubes: a high resolution 3D surface construction
algorithm. ACM SIGGRAPH Computer Graphics, 21(4):163-169, Aug 1987.

[48] Francis Sowerby Macaulay. Some formulae in elimination. Proceedings of the London Mathematical
Society, s1-35(1):3-27, May 1902.

[49] Thom Mulders and Arne Storjohann. On lattice reduction for polynomial matrices. journal of Symbolic
Computation, 35(4):377-401, 2003.

[50] Hyeon-Suk Na, Chung-Nim Lee, and Otfried Cheong. Voronoi diagrams on the sphere. Computational
Geometry, 23(2):183-194, Sep 2002.

[51] Vincent Neiger and Vu Thi Xuan. Computing canonical bases of modules of univariate relations. In
Proceedings of the 2017 ACM on International Symposium on Symbolic and Algebraic Computation,
ISSAC 17, pages 357-364, New York, NY, USA, 2017. ACM.

[52] Yutaka Ohtake, Alexander Belyaev, Marc Alexa, Marc Alexa, Greg Turk, and Hans-Peter Seidel. Multi-
level partition of unity implicits. ACM Trans. Graph., 22(3):463-470, July 2003.

[53] Yutaka Ohtake, Alexander Belyaev, Marc Alexa, Mathieu Desbrun, and Helmut Pottman. Sparse low-
degree implicit surfaces with applications to high quality rendering, feature extraction, and smoothing.
Eurographics Symposium on Geometry Processing 2005, Eurographics Association, 149-158 (2005),
January 2005.

[54] Arno Pauly. On the topological aspects of the theory of represented spaces. arXiv e-prints, Apr 2012.

[55] Arno Pauly and Florian Steinberg. Comparing representations for function spaces in computable anal-
ysis. CoRR, abs/1512.03024, 2015.

[56] Nicolas Perrin, Olivier Stasse, Léo Baudouin, Florent Lamiraux, and Eiichi Yoshida. Fast humanoid
robot collision-free footstep planning using swept volume approximations. [EEE Transactions on
Robotics, 28(2):427-439, March 2012.

[57] Sonia L. Rueda, Juana Sendra, and J. Rafael Sendra. An algorithm to parametrize approximately
space curves. J. Symbolic Computation, 56:80-06, 2013.

[58] Ruwen Schnabel, Roland Wahl, and Reinhard Klein. Efficient RANSAC for point-cloud shape detection.
Computer Graphics Forum, 26(2):214-226, June 2007.

119 C. Laroche


https://arxiv.org/abs/2003.11527

Compact and efficient implicit representations

[59] Thomas W. Sederberg and Falai Chen. Implicitization using moving curves and surfaces. In R. Cook,
editor, Proc. SIGGRAPH, volume 29, pages 301-308. Addison Wesley, 1995.

[60] Thomas W. Sederberg, Ron Goldman, and Hang Du. Implicitizing rational curves by the method of
moving algebraic curves. J. Symbolic Comput., 23(2-3):153—-175, 1997.

[61] J. Rafael Sendra, David Sevilla, and Carlos Villarino. Algebraic and algorithmic aspects of radical
parametrizations. Computer Aided Geometric Design, 55:1-14, Jul 2017.

[62] Igor R. Shafarevich. Basic algebraic geometry, volume 1. Springer, 2013.
[63] Igor R. Shafarevich and Alexey O. Remizov. Linear algebra and geometry. Springer, New York, 2012.

[64] Ning Song and Ron Goldman. pu-bases for polynomial systems in one variable. Computer Aided
Geometric Design, 26(2):217-230, 2009.

[65] Giovanni Stagliand. Macaulay2 package “Resultants”, May 2018. Available at http://www?2.
macaulay2.com/Macaulay2/doc/Macaulay2-1.14/share/doc/Macaulay2/Resultants/html/.

[66] Bernd Sturmfels. Algorithms in invariant theory. Texts and Monographs in Symbolic Computation.
Springer, 2008.

[67] James Joseph Sylvester. A method of determining by mere inspection the derivatives from two equa-
tions of any degree. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science,
16(101):132-135, Feb 1840.

[68] Gabriel Taubin. Estimation of planar curves, surfaces, and nonplanar space curves defined by implicit
equations with applications to edge and range image segmentation. Pattern Analysis and Machine
Intelligence, IEEE Transactions on, 13:1115-1138, December 1991.

[69] Holger Taubig, Berthold Bauml, and Udo Frese. Real-time swept volume and distance computation for
self collision detection. In 20711 IEEE/RSJ International Conference on Intelligent Robots and Systems,
pages 1585-1592. IEEE, Sep. 2011.

[70] Gilles Villard. Computing popov and hermite forms of polynomial matrices. In Proceedings of the 1996
International Symposium on Symbolic and Algebraic Computation, ISSAC '96, pages 250-258, New
York, NY, USA, 1996. ACM.

[71] Haohao Wang, Xiaohong Jia, and Ron Goldman. Axial moving planes and singularities of rational
space curves. Computer Aided Geometric Design, 26(3):300-316, 2009.

[72] Xinyu Zhang, Young Kim, and Dinesh Manocha. Reliable sweeps. In 2009 SIAM/ACM Joint Confer-
ence on Geometric and Physical Modeling on - SPM °09, pages 373-378. ACM Press, Jan 2009.

[73] WeiZhou, George Labahn, and Arne Storjohann. Computing minimal nullspace bases. In Proceedings
of the 37th International Symposium on Symbolic and Algebraic Computation, ISSAC ’12, pages 366—
373, New York, NY, USA, 2012. ACM.

[74] Matthias Zwicker and Craig Gotsman. Meshing point clouds using spherical parameterization, 2004.

C. Laroche 120


http://www2.macaulay2.com/Macaulay2/doc/Macaulay2-1.14/share/doc/Macaulay2/Resultants/html/
http://www2.macaulay2.com/Macaulay2/doc/Macaulay2-1.14/share/doc/Macaulay2/Resultants/html/

	CONTENTS
	INTRODUCTION
	Parametric and implicit representations
	Varieties
	Switching of representation

	Interest in applications
	Summary and contributions of the thesis

	PRELIMINARIES
	Gröbner bases
	Resultants
	Macaulay resultants
	Sparse resultants

	Interpolation matrices

	SWEPT VOLUMES
	Implicitizing a point cloud
	MPU method
	Slim method

	Swept volume data structure

	CHOW FORMS
	Chow variety
	A hypersurface of the Grassmannian space
	Computing and using RV

	Space curves
	Varieties of arbitrary codimension
	Computing the resultant in several variables
	Identifying the extraneous factor in the resultant
	How many hypersurfaces are sufficient
	Degree bounds

	Examples

	SYZYGIES
	The method of moving conics
	Moving lines
	μ-basis
	Moving conics
	Sylvester forms

	The method of moving quadrics
	Moving hyperplanes and μ-basis
	Moving quadrics
	Computing moving quadrics using Sylvester forms
	Proofs of the main theorems
	Summary

	Computational aspects
	Computation of μ-basis
	Computation of the matrices
	The drop-of-rank property


	METHOD COMPARISONS
	Differences in the objectives
	Performances: change of representation algorithms


	CONCLUSION
	ABBREVIATIONS - ACRONYMS
	APPENDICES
	Algorithms
	REFERENCES

