BIT manuscript No.
(will be inserted by the editor)

Simple Floating-Point Filters for the Two-Dimensional
Orientation Problem

Katsuhisa Ozaki - Florian Blinger - Takeshi
Ogita - Shin’ichi Qishi - Siegfried M. Rump

Received: date / Accepted: date

Abstract This paper is concerned with floating-point filters for a two dimensional
orientation problem which is a basic problem in the field of computational geome-
try. If this problem is only approximately solved by floating-point arithmetic, then an
incorrect result may be obtained due to accumulation of rounding errors. A floating-
point filter can quickly guarantee the correctness of the computed result if the prob-
lem is well-conditioned. In this paper, a simple semi-static floating-point filter which
handles floating-point exceptions such as overflow and underflow by only one branch
is developed. In addition, an improved fully-static filter is developed.

Keywords Floating-point arithmetic Floating-point filter- Computational
geometry

Mathematics Subject Classification (2000)65G50- 68U05

Katsuhisa Ozaki
College of Systems Engineering and Science, Shibaura Institute of Technology, 307 Fukasaku, Minuma-
ku, Saitama-shi, Saitama 337-8570, Japan, Tel.: +81-48-720-6089, E-mail: ozaki@sic.shibaura-it.ac.jp

Florian Bunger
Institute for Reliable Computing, Hamburg University of Technology, Schwarzenbergstr. 95 D-21073
Hamburg, Germany

Takeshi Ogita

School of Arts and Sciences, Tokyo Woman'’s Christian University, 2-6-1 Zempukuji, Suginami-ku, Tokyo
167-8585, Japan

Shin’ichi Oishi

Faculty of Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjyuku-ku, Tokyo 169-8555,
Japan

Siegfried M. Rump
Institute for Reliable Computing, Hamburg University of Technology, Schwarzenbergstr. 95 D-21073
Hamburg, Germany



2 Katsuhisa Ozaki et al.

1 Introduction

In this paper, we propose a semi-static floating-point filter for computational geom-
etry. We focus on a two-dimensional orientation problem which is one of the ba-
sic problems in computational geometry. Suppose that an oriented line and a point
C = (&, ¢y) in the two-dimensional Euclidean space are given. The oriented line
passes from a poim = (ay,ay) to a pointB = (by,by) for A B. The aim is to
judge whether the poiri is located on the left or the right of the oriented line, or on
the line. This problem can be boiled down to determining the sign of a 3-by-3 matrix
determinant as follows:

ayayl
sign(detG)), G:= | byby1 |. (1.2)
CxCy 1

If the sign of the determinant is positive / negative, then the point is left / right of the
oriented line. If the sign is zero, then the point is on the line. Fig. 1.1 visualizes this
problem.

C = (cary)
O B = (bsby)

(bzs 1’.1/)

det(G) >0

A= (ag,ay)

Fig. 1.1 two-dimensional orientation problem.

Solving this orientation problem is necessary for solving the following other prob-
lemst:

— convex hull problem: Determine a minimum convex set enclosing a given finite
set of points.

— point-in-polygon problem: Decide whether a given point in the plane lies inside,
outside, or on the boundary of a polygon.

— segment intersection problem: Decide whether two given line segments cross
each other or not.

If all coordinates are represented by floating-point numbers and if the determinant (1.1)
is evaluated by floating-point arithmetic, then an incorrect sign may be obtained due
to accumulation of rounding errors. If the point is very close to the oriented line,
then an incorrect sign might be obtained in the worst case. Once the incorrect sign

1 There are further related crucial problems in computational geometry which require to determine
signs of determinants of larger matrices than in (1.1). For example, the point-in-circle problem: "Decide
whether a point in the plane lies inside or outside or on the boundary of a circle.” leads to a 4-by-4 matrix.
Such problems are not considered in this paper even though we believe that our techniques can be adapted
but calculations will certainly become much more involved.
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is computed, algorithms for computational geometry have prospects of producing an
inexact result. Taking the convex hull problem for example, the computed result may
not become a convex set, or some of the given points may not be enclosed. In the
worst case algorithms may enter an infinite loop. Such problems are called ‘robust-
ness problems’. Plentiful topics of robustness problems in computational geometry
are introduced in [5]. A reliable package for overcoming such problems was released
in [14].

If we use multi-precision arithmetic with sufficient precision or symbolic compu-
tations, it is possible to obtain the correct sign of the determinant (1.1). However, the
following problems arise:

— Basically, it is rare to handle ill-conditioned problems. Namely, many problems
are exactly solved by floating-point arithmetic. However, once a result is incor-
rect, an algorithm may finally produce a meaningless result.

— The cost for using multi-precision arithmetic or symbolic computations is very
expensive. Itis desired to obtain the correct result by an arithmetic with minimum
precision. However, we cannot know in advance how many bits the algorithm
requires in order to produce the correct result.

To overcome these problems, it is preferred that so-called ‘floating-point filters’ are
applied first. Such a filter quickly checks whether a sufficient condition for the cor-
rectness of the sign of the determinant is satisfied or not. Therefore, the filter answers
‘the sign of the computed result is correct’ or ‘the correctness of the computed result
is unknown'. If the filter cannot guarantee correctness of the computed sign, more
accurate algorithms can be applied. Therefore, it is possible to develop an ‘adaptive
algorithm’ which does as much work as possible to guarantee the sign of the deter-
minant. There are several kinds of filters, static filters [3], semi-static filters [12, 3],
dynamic filters [12, 2, 8]. Rigorous rounding error analysis can quickly become a very
tedious task even for short and quite simple-looking arithmetic expressions like (1.1).
For that reason automatic generators of floating-point filters were developed in [7].
For implementation of geometric algorithms a generic C++ design to perform exact
geometric computations was developed in [9]. In this paper, we do not treat integer
data but floating-point data, so that we will discuss a floating-point filter.

The article is organized as follows: In Section 2, we briefly review earlier works
on semi-static floating-point filters, namely Shewchuk’s work and Melquiond-Pion’s
work. When floating-point exceptions like overflow or underflow occur, some known
filters cannot work correctly, or, additional costs arise in order to handle such ex-
ceptions appropriately. In Section 3, we develop improved filters and explain their
properties. As a result, even if overflow or underflow occur, our filters work correctly
with only one single branch. In the final section, we discuss a static filter which pro-
duces smaller error bounds, compared to well-known approaches.

2 Notation and Filters for the Two-Dimensional Orientation Problem

In this section we introduce the notation and earlier works on floating-point filters.
We assume that all coordinates are represented by floating-point numbers defined by
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IEEE 754-2008 [1]. Leff be the set of binary32 or binary64 floating-point numbers
and letfl(-) denote that each operation in the parenthesis is evaluated by pure floating-
point arithmetic with rounding to nearest ties to even. udie the roundoff unit:

u = 224 for binary32 andu = 223 for binary64. Letuy be the smallest positive
normalized floating-point number, for examplg, = 2-1%22for binary64. Letus be

the smallest positive floating-point number, for example= 21074 for binary64
which is a subnormal number.

2.1 Shewchuk’s Filter

We introduce the filter coded in [13]. In specifications of algorithis;-, x are eval-
uated by floating-point arithmetic.

Algorithm 1 Let A= (ay,ay), B = (by,by) and C= (c,cy) be three points in the
two-dimensional space with floating-point coordinates. Suppose that an oriented line
passes from A to B. The following algorithm outputs a sign of the determinant (1.1) by
floating-point arithmetic. If the result is positive (negative), the point C is left (right)
of the oriented line.

functiondet = Sfilter(ay, ay, by, by, cx, ¢y)
detleft= (ax —cx) * (by —cy);
detright= (ay —¢y) * (bx — Cx);
det=detle ft— detright;
if (detleft> 0.0)
if (detright<=0.0)
return det;
else
detsum= detle ft+ detright;
end
else if (detleft< 0.0)
if (detright>= 0.0)
return det;
else
detsum= —detle ft— detright;
end
else
return det;
end
errbound= (3xu+ 16+ u=u) «detsum
if ((det>= errbound || (—det>= errbound)
return det;
end
% fall down to robust computations
end
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This algorithm returns the result with two or three branches. The key point is as
follows: The determinant (1.1) is approximated by

det:=fl((ax — cx)(by — ¢y) — (ay — ¢y) (bx — Cx)). (2.1)

The signs ofl((ax— cx)(by — ¢y)) andfl((ay — cy)(bx — c)) are correct, meaning that
they are equal to the signs (dy — ¢x)(by — ¢y) and(ay — cy)(bx — ¢x), respectively,
except for the case that underflow occurs during the computation. Therefore, the filter
first checks the sign of the ternuketle ft:= fl((ax — cx)(by — ¢y)) anddetright :=
fl((ay—cy)(bx—cx)). If the signs are opposite, then the correctness of the sign of (2.1)
is guaranteed. Otherwise, an a priori error bound of the determinant is computed:

errbound:= fl((3u + 16u%) | (ax — ) (by — &) + (8 — &) (b~ ) ).  (2.2)

If |det| > errboundis satisfied, then the computed sign of the determinant is correct.
Otherwise, the specific problem requires a more accurate evaluation. See [12] for the
derivation of (2.2) and for developing adaptive algorithms.

We state advantages and disadvantages for this filter: If the result is guaranteed by
the first check of the signs dfetle ftanddetrightin Algorithm 1, then the additional
costs for the verification are very cheap. If overflow occurs during the computation,
then the sign of the determinant can only sometimes be guaranteed, for example,
in case ofdetleft= +Inf and detright = FInf. If detleftbecomes 0 because of
underflow, then this filter guarantees the sign of the computed result. However, this
result is incorrect for the following example represented in binary64:

(aay) == (277922770 (b, by) = (277%0,27790) (g, cy) := (2769, 277%0),

We obtaindetle ft= 0 anddet= 0 due to occurrence of underflow, so that the algo-
rithm gives that the result is 0. However, the true determinant14%.

2.2 Melquiond and Pion’s Filter

We introduce the floating-point filter by Melquiond and Pion?[&First, we write
down their algorithm as follows:

Algorithm 2 Let A= (ax,ay), B = (bx,by) and C= (cy,¢cy) be three points in the
two-dimensional space. All coordinates are represented in binary64. Suppose that
an oriented line passes from A to B. The following algorithm outputs a sign of the
determinant (1.1) by floating-point arithmetic. If the result is positive (negative), the

2 We introduce the algorithm given in [6]. The main purpose of the paper by Melquiond and Pion is to
develop an automatic constructor of the floating-point filter. Therefore, their approach can be applied not
only to the two dimensional orientation problem but also to other problems in computational geometry.
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point C is left (right) of the oriented line.

functiondet= MPfilter(ay, ay, bx, by, Cx, ¢y)

pOx= by — ay;
pay= by —ay;
prx=Cx —ax;
pry =cy —ayi
maxx= max(abs(pgx), abs(prx));
maxy= max(abs(pqy), abs(pry));
eps= 8.88720573725927%8- 16« maxxx maxy
if (maxx> maxy swagmaxxmaxy);
if (maxx< le—146)

if (maxx==0)

det=0;
return det

end
else if (maxy< 1el53)

det= pgxx pry — payx prx;

if (det> ep9g return det,

if (det< —ep9 return det,
end
% fall back to a more precise, slower method

end

If heavy cancellation occurs, the filter requires four branches.

This algorithm checks the possibility of an occurrence of underflow or overflow
in turn. If the potential for a floating-point exception is found, then the algorithm
uses more robust computations in order to prevent overflow and underflow. Next,
the algorithm checks whether heavy cancellation occurs or not (see Figure 2.1 to
understand the flow of the algorithm). Therefore, the filter rigorously works for all
floating-point data.

However, itis rare to find overflow or underflow in practice in the two-dimensional
orientation problerh In addition, let us consider the following setting

(ax3y) = (~1,-1), (beby) := (1,1), (o0,¢y) := (2%, 1).

For this example, the filter says that a robust algorithm is necessary bevaxge

2700 > 1053, However, overflow does not occur in the evaluation of the determinant
and this problem is not ill-conditioned. Namely, the floating-point result is correct.
Next, consider

(ax,ay) = (1,27%99) (b, by) := (27°9°,276%9) (¢, c,) := (0,0).

The filter fails to verify correctness due taxx= 279 < 1e— 146 although the
correct sign is obtained by floating-point arithmetic.

3 Since there are products of only two floating-point numbers in the evaluation of (1.1), overflow and
underflow rarely occur. However, if we handle the InSphere problem which aims to judge whether a point
is inside or outside a sphere in the three-dimensional space, then a product of five floating-point numbers
appears in the evaluation. Therefore, it is not so rare that floating-point exceptions occur in this problem.
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Fig. 2.1 Flow of the algorithm in the paper of Melquiond and Pion [6].

3 Proposed Semi-Static Filters

We will construct a floating-point filter based on (2.1). The evaluation of (2.1) re-
quires 7 floating-point operations:

t1 :=ay — Gy, x1 = fl(ax —¢x),
tri=by—g, xo = fl(by — c),
3:=ay -G, x3 1= fl(ay —¢y),
ta ;= by —Cy, Xa = fl(by — cx),
ts = t1ty, xs 1= fl(X1x2),

tg 1= tata, Xg := fl(X3x4),

t7 i=tg —1g, x7 :=fl(X5 — Xg).

In the final line,t; andx; denote the true determinant and a floating-point approxi-
mate, respectively. We recall well-known error analysis for floating-point arithmetic.
Forx,y € I, the definition of the IEEE 754 standard yields

fixoy) = (L+e&)(xoy), xoy=(L+&f(xoy), [e|<u, oe{+ —}.(3.1)
For a product,
1
xy=fi(xy)(1+e)+n, [e[<u, [n[<Zus &en=0. (3.2)
In [10], Rump introduced new models for the error of floating-point arithmetic:

fl(xoy) =xoy+9, |3 <u-ufp(xoy)<u-ufp(flixoy)), oe{+,—}(3.3)
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and

1
xy="fl(xy)+3+n, [6]<u-ufp(xy) <u-ufp(fi(xy), [n]< 5Us, on=0
(3.4)
where

. o O’ |f a= 07
u p(a) = 2U092|3U, else

The relations (3.1), (3.2), (3.3) and (3.4) are only valid if no overflow occurs. In the
subsequent Theorems 3.1, 3.2, 3.3, 3.4 and in Lemma 3.1 we will therefore assume
that no overflow occurs iry, . .., x; andxg := fl(|xs| + |Xg|).

Lemma 3.1 Fora,b,c,d € FF,
fl((a+b)(c+d)) — (a+b)(c+d)| < (3u—(p—14u)fl(|(a+b)(c+d)) +S

where

(3.5)

., {—1+\/4u1+45J
_ . 7

and
1 .
O§S<§us+guus and S=0if [fla+b)fl(c+d)| > un.

In binary64,¢ = 94906264and the obtained constants — 949062502 ~ 2.99999998..

Proof.
If a+b=0o0rc+d=0, then (3.5) trivially holds. Therefore, we can assume both
a+b#0andc+d # 0. From (3.3) and (3.4),

s:=a+h, §:=flla+b)=s(1+¢), |&a|<u f|p(|81) <u, (3.6)
s:=c+d, % :=fl(c+d)=5(1+¢), |52|<uUf|ZiT2)<u, (3.7)
p:§1” =fl(5%) = p(1+&3)+n,
(3.8)
&3] <u=ER <u, [n|<3us, en=0.
Then,
P=s1(l+&)(l+&)(1+e&)+n =s1%(1+a)+n
and it derives a
p—5132=aslsz+n=1+a(p—n)+n, (3.9)
where
laf < (1+[ea])(1+]&2])(1+ |es]) — 1. (3.10)

We distinguish two cases. First, assufgé> (1+ gu)ufp(s) for somei € {1, 2}.

Then, from (3.6) and (3.7), at least one|ef| or |&;| is smaller or equal tm

and we take an upper bound forin (3.10)

u 2
< - -1
la] < (1+ 1+(pu)(1+u) 1
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1+vVau-1+1
2 1

Hence, fromp <

laf < (1+

+(p YA+u)2—1<(1+(1—(p—Duu)(1+u)>-1

1
= (1—(¢—u)(1+u)?u+2u+u?
=3u+(4— QU+ (3-29) + (1-@)u* =

Therefore,

o t 2
< 3u— (¢ 132 3.11
‘1+a|—1 a] ST < (@13 (3.11)

Finally, (3.9) and (3.11) yield

B—s18| = [=——(P—1n)+n| < (Bu—(@—13)u?)[p|+S

1+ a
where
1 3 .
0<S< SUs+ éu~usand8: 0if [p| > un.
It remains the second case th&t < (1+ @u)ufp(s1) and|sy| < (1+ @u)ufp(sp).

From (3.8), 58 |
P—S1$—1
ool = g 2

~ = 3.12
1515 (3.12)
From the assumption in the second case,
IS§| = (1+ku)ufp(s) eF, i=12 0<k<¢@, kiseven
We have
|51%] = (1+kiu)ufp(sy) - (1+ kou)ufp(sp)

= (14 (kg +k2)u + kikou?)ufp(s; Jufp(sp). (3.13)

If |B| > un, theng'= (1+ (ky +ko)u)ufp(sy)ufp(s), so that fromg? < u=1,
|P— 55| = kakouufp(sy Jufp(sp), (3.14)

and we can sap = 0in (3.12). Then, by substituting (3.13) and (3.14) to (3.12),

k1k2U2
1+ (ki +k2)u+kikou

&3] = 5 < QU2
If |B| < un, then we can setz = 0 in (3.10). Therefore, in any case,
la] < (1+u)?(14¢?u?) —1 < 2u+ (3+ ¢*)u? =3u— (u 1 -3 ¢?)u?

Since—(u™t - 3— @?)u? < (4— @)u? + (3—2¢)u® + (1L — @)u*, we derive (3.5) in
the same Way as inthe case|sf > (14 gu)ufp(s) for somei. O
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Remark 3.1We do not claim that the constaf8u — (¢ — 14)u?) in (3.5) is optimal.
However, ifa=c=1 andb = d = 9490626% in binary64, then

[fi((a+b)(c+d))—(a+b)(c+d)| =(2.999999923)fl(|(a+b)(c+d)|).
Therefore, the constant cannot be that far from being optimal.

Theorem 3.1 If

X7 = fl(Xs — X6) = X5 — Xg, (3.15)
which means that no rounding error occurs it — xg), then a sufficient condition
for the correctness of the sign of is

|x7| > fl(6xg) + (1.5+4 3u)us (3.16)
where8 :=3u — (¢ — 22)u® € F and @ is defined by (3.5).

Proof.
From Lemma 3.1,

1 3
ts=X5+05+0Ns5, |3 < (Bu—(@—14u?)|xs|, |ns| < SUs+ U Us (3.17)

Similarly, we have

1 3
te=Xo+ O+ M6, |06 < (3u—(@—14u?)|xe|, [ne| < SUst5U-Us. (3.18)

From assumption (3.15), (3.17) and (3.18),
t7=ts—te=X5+ 3+ N5~ (X6+ 06+ N6) = X7+ 5+ N5 — (I + Ne)-

Therefore, if
7] >[5+ Ns— (3% +Ne)|, (3.19)
then the sign ok; is the same as that of. From (3.1),

|Xs| + |X6| < (14 U)Xs. (3.20)
From (3.20), we develop an upper bound of the right hand-side of (3.19):

|85+ N5 — (36 + Ne)| < (3u— (@ — 14)u?)(|Xs| + |Xe|) +Us+3u-Us
< (Bu—(@—17)u?— (p—14)u®)xg + us+3u- Us
= (14u)"1(Bu— (p—20)u® — (20— 31)u® — (9 — 14)u*)xg + Us+3u - us =: Us.

In the above expression,
F % 3u—(@—20u?— (29— 30)ud - (¢p—14)u* <3u— (¢p—22)u*’ =0 cF.
Therefore, from (3.2)

Us < (1+u) 1Oxg+us+3u-us
< (14u) Y14 u)fl(6xg) + 1.5us+3u - us
= fl(6xg) + 1.5us+ 3u - us.
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Thus, (3.16) is obtained. |

In Theorem 3.1, we assumed (3.15). However, this assumption is not important
by the following theorem.

Theorem 3.2 If a rounding error occurs in fixs — Xg) such that

x7 = fl(Xs — Xg) # X5 — X, (3.21)
then the sign of xis the same as that of.t

Proof.

If both x5 andxg are subnormal numbers, then no rounding error occudt&d+ xg).
Therefore, the assumption (3.21) implies that eitlkesr X is a normalized floating-
point number, so that

1
max(|Xs|, [Xs|) = un > S un. (3.22)

From (3.3),
xs—Xg =fl(xs — %) + 9, |0 <u-ufp(Xs—Xg) <u-ufp(flixs —xg)). (3.23)

Then, (3.19) is replaced by

[X7| > 185+ N5 — (86 + Ne) + 9, (3.24)
and if
7| > fl(6xg) + 1.5us+ 3u - us+ u - ufp(fl(Xs — X))

is satisfied, then the sign &f is correct. For nonnegativey € I, Sterbenz’s theorem
[4] says that

<Ix<2y=fl(x—y) =x—y.

N I<<

Thus, the contraposition of Sterbenz’s theorem for nonnegafie@dxs means
X5 < Xg/2 OF X5 > 2Xg

which gives
1
x| = 5 max([xs|, [Xs|)- (3.25)

For negativess andxg we can prove (3.25) similarly. K andxg have opposite signs,
then (3.25) is trivially satisfied. An upper bound of the right term in (3.24) is

fl(0xg) + (1.5+3u)us+ u-ufp(fl(Xs — Xs))
< fl(4u-2max|xs|, |Xs|)) + (1.5+4 3u)us+ u - ufp(fl(xs — X5)).
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Therefore, from (3.22), (3.23) and (3.25), it follows that
[x7] — (fl(6xg) + (1.5+4 3u)ug) — u - ufp(fl(xs — X))

1

5 max(|xs|, [X|) —fl(4u-2max|xs|, xs|)

\%

~—

— (154 3u)us— 2umax(|xs|, |xg|)

V

Us— 2us

NI =

1
5 max(|xs|, [Xe|) — L0umax(|xs|, xg|) -

1 1

The following floating-point filter is proposed in [3]:

Ixz| > fl(8u(((|ax| + |ex]) (bl + [ey[) +un) + (Ibx| +- |exl) (Jay] +[ey]) + un)).-

The idea of addingiy to a factor of a floating-point multiplication is nice because

in this way the subnormal constafit5+ 3u)us appearing in (3.16) can be avoided
which would cause slow performance on the CPU in the average case. We take up
this idea and propose the following floating-point filter:

Theorem 3.3 If
[x7| > 1(8(xs + un)) (3.26)
is satisfied, then the sign of is the same as that of.t
Proof.
According to Theorem 3.2, we may assume that (3.15) holds true. First, we men-
tion a basic property of floating-point numbers, see [11]. ¥arR let succ(x) :=

min{f € F | x < f} denote the floating-point successomnofThen, for nonnegative
c € F with finite succ(c) the following holds true:

If ¢ < ulus = 2uy, thensucc(c) = c+ us. (3.27)

If 2un < ¢, thensucc(c) = ¢+ 2u - ufp(c). (3.28)
We distinguish the following three cases:
(a) Xg > utun —uy
(b) utun —un > Xxg > 2u~tuy —up
(c) X < U™ 'un —un
In case (a)fl(6(xg+un)) > 2un, (3.28) and assumption (3.26) imply
7| > succ(fl(B(xg+un))) =fl(O(xg+un)) +2u-ufp(fl(B(Xs + un)))
> fl(B(xg+un)) +4u-uy > fl(6xg) + 2us > fl(6xg) + (1.5+ 3u)us.

The assertion follows from Theorem 3.1.
For case (b), from (3.4)

1
x1Xp = fl(xaxe) + 83+ N3, |3 <u-ufp(Xixe), |’73|§§US7 &Nz =0,

1
Xoxa = fl(XeXa) +-0s 414, |Oa] <U-ufp(Xaxa), [n4]<ZUs. 3ana=0.
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By assumption

(2+u)(ufp(x1x2) +ufp(XsXs)) + Us > [XaXo| + [XaXa| + |Oa| +[da| + [N3] + [N
> |Xs| + [X6| > Xg —U-ufp(xg)

1
> éufluN —un —u(u~tuy)

which implies

ufp(X1Xz) +ufp(XXa) >
Thus,

1 1
u-ufp(xiXe) > U-Un = Eus or u-ufp(XsXq) >U-UN= Eus.

Now, according to the conditions imposed®m Lemma 3.1, we may assume with-
out loss of generality thajs = 0 or ng = 0 in the proof of Theorem 3.1 which yields
the modified constant

N 1 3
Uy = (1+u)tOxg+ SUs+ SU-Us.

Furthermore,
u-ufp(fl(6xg)) > u-ufp(fl(@(Zzu "uny —uN))) > U-UNy = =Us

implies 8xg < (1+ u)fl(6xg). Repeating the final estimation b in the proof of
Theorem 3.1 gives

~ 1 3
U= (1+ u)*19x8+§uS+ SU-Us

< (1+u) Y2+ u)fl(Oxg) + %Us-i- g“ -us = fl(Oxg) + %Us-i- gu -Us.
By assumption (3.26),
[x7| > fl(8(xg +Un)) +us > fl(Bxg) + Us
> fl(Oxg) + %uer gu -us>U;

which implies the assertion according to the proof of Theorem 3.1.
In case (c) we have

1
ufp(Xg+Un) < ZfufluN, ufp(Bxg) < ufp(B(Xg+un)) < Un.
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Thus,
fl(Xg +UN) > Xg +UN — U-ufp(Xg +Un) > Xg+ %uN,
Bxg > fl(6xg) — max(u - ufp(Oxg), %us) > fl(6xg) —u-up,
fl(8(xg+ un)) = fl(6fl(xg +un))

1
> Ofl(xg +un) —max(u - ufp(Ofl(xg + un)), éus)
3 —
26(X8+ZUN)—U-UN:9X8+ u-uy
> fl(Oxg) + ————u-uy > fl(Oxg).

Therefore,
fl(6(xg+un)) —fl(Bxg) > us
and by assumption (3.26) also
‘X7| —f|(9(X8—|- UN)) > Us

is obtained from (3.27). Both inequalities imply

[x7] — fl(Bxg) — (1.5+ 3u)us > |x7| — fl(8(xg + uN)) +Us— (1.5+ 3u)us
> 2us— (1.5+3u)us > 0.

Again, the assertion follows from Theorem 3.1. |
Theorem 3.4 If

X7 = fl(]x5 — Xg|) > fl(B(|X5 4 Xg| + Un)) (3.29)

is satisfied, then

x7| = fl(]x5 —X6|) > fl(6(|Xs| +- |X6| +Un)).- (3.30)
Proof. We distinguish the following four cases of the signs@andxs:
(a) Xs=x6=0.
(b) One ofxs andxg is zero.

(c) The signs oks andxg are non-zero and the same.
(d) The signs oks andxg are non-zero and opposite.

For (a), (3.29) is false. For (b) and (¢¥s + Xs| = |Xs| + |Xe|- For (d),

fi([xs —xel) = fl(|xs| + [xs])-
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X o y z | x o y z | x o y z
Inf  + Inf Inf -Inf +  -Inf  -Inf Inf  + -Inf NaN
Inf - Inf NaN | -Inf - -Inf NaN | Inf -  -Inf Inf
Inf * Inf Inf -Inf  *  -Inf Inf Inf * -Inf  -Inf
Inf  + 0 Inf Inf  + p Inf Inff  + -p Inf
Inf - 0 Inf Inf - p Inf Inf - -p Inf

Inf * 0 NaN | Inf * p Inf Inf  * -p -Inf
Table 3.1 Floating-point exceptiongz{& fl(xoy), o € {+,—,*}). pis a positive floating-point number.

From assumption (3.29)x7| > 2us sincefl(6(|xs + Xs| +un)) > us. If |X7] < 8us,
thenfl(6(|xs| + |xs| +un)) = usand (3.30) is satisfied. |k7| > 8us = 16u - uy, then

x| = fI(O(Ixs| + X6| +un)) = [xz| = Tl(3u(]x7| +un))
1
> [xr| = 3u(1+u)*(xr| +un) — Sus

2|X7| 1

1 1
= ~|X7| = zus> 0.
5x7l = Zus>

This completes the proof. a

Theorem 3.5 Assume that overflow occurs in (3.29). If (3.29) is vdlidhen the

sign of ¥ is the same as that of.tTherefore, the filter (3.29) never fails, i.e., there

is no case where the sign of the computed result is wrong but the filter guarantees its
correctness.

Proof.

First, we introduce the IEEE 754 rules for overflow arithmetic. ¥gre I with
{x,y} n{=xInf} £ 0, the resultz := xoyfor o € {+,—,*} are shown in Table 3.1. In
addition, the standard yieldg|NaN|) = NaN, fl(|Inf|) = Inf andfl(| — Inf|) = Inf.
If overflow occurs at least in one &f, X2, X3, X4, X5, Xg, then|xz| becomes Inf or NaN
and the error bound on the right hand-side in (3.29) becomes Inf or NaN. By the
definition of the IEEE 754 standard, all of the following comparisons are false:

Inf > Inf, NaN> Inf, Inf>NaN, NaN> NaN.

Therefore, we do not need to consider these cases. If overflow occurs in the evaluation
of xg, then (3.29) is invalid sincl(6(|xs +xg| + un)) = Inf. Therefore, we only need
to consider the case that overflow occurs in the evaluation ahd does not occur in
the evaluation ok, ..., xs andfl(xs + Xg). This is only possible if the signs a§ and
Xg are opposite, whereas clearly the sigipf fl(xs — xg) € {£Inf} equals the sign
oft; =tg —tg. O
By Theorems 3.1, 3.2, 3.3, 3.4 and 3.5 we conclude the following: if

7| > fl(6(|x5 +Xs| +UN)) (3.31)

4 Here "valid” means that condition (3.29) evaluated according to IEEE 754 rules yields the result
"true”.
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Overflow or
Underflow
or Heavy
Cancella-
tion?

Z

Fig. 3.1 Flow of our algorithm.

is satisfied, then the sign &f is correct.
We write the algorithm for (3.31) as follows:

Algorithm 3 Let A= (ax,ay), B = (bx,by) and C= (c,cy) be three points in the
two-dimensional space with floating-point coordinates. Suppose that an oriented line
passes from A to B. The following algorithm calculates a sign of the determinant (1.1)
by floating-point arithmetic. If the result is positive (negative), the point C is left
(right) of the oriented line from A to B.

functiondet = Ofilter(ay, ay, by, by, cx, ¢y)

I = (ax—cx) = (by —¢y);

r=(bx—cx) = (ay—cy);

det=1-r;

errbound= 0 x (|l +r|+un);

if |det| > errbound

return det

end

% fall back to a more precise, slower method
end

Figure 3 shows the flow diagram of our algorithm. We discuss advantages and
disadvantages of our algorithm. Our filter contains only one branch, so that it is very
simple. The number of taking absolute values is also less than that of Algorithms
1 and 2. However, Algorithm 3 does not detect points on the line, for example, if
A=(1,1), B=(2,1), C = (3,1), then our filters cannot guarantee the result but
Algorithms 1 and 2 can verify the correctness.

We will now show benchmarks for each filter described in Sections 2 and 3. These
filters are embedded in the incremental algorithm for a convex hull. We compare
computing times for

M1: Incremental Algorithm with pure floating-point arithmetic.
M2: Incremental Algorithm with Filter-Algorithm 1
M3: Incremental Algorithm with Filter-Algorithm 2
M4: Incremental Algorithm with Filter-Algorithm 3
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Table 3.2 Computing time for the incremental algorithm.

Algorithm Intel C Visual C
M1 7.37(1.00) 7.76 (1.00)
M2 9.58 (1.30) 13.6(1.75)
M3 13.4(1.82) 17.7(2.28)
M4 7.74(1.05) 7.97 (1.03)

All codes are implemented in C language. For M1, the code is compiled by Intel C++
Compiler version 13 (/03 /QxAVX /QaxAVX) and Visual C++ Compiler 2010 (/Ox).
For others, the codes are compiled by Intel C++ Compiler (/O3 /QXAVX /QaxAVX
[fp:precise ) and Visual C++ Compiler 2010 (/Ox /fp:precise) via MATLAB Exe-
cutable (Mex files). If we do not attach /fp:precise as a compiler option, then the order
of computations may change. This change is not allowed for the a priori error estima-
tion. We generate-points p = (x, Vi), wherex;,vi,i = 1,...,n are pseudo-random
numbers drawn from the standard normal distribution by using MATLAB built-in
functionrandn. All 2d orientation problems are solved by each floating-point filter,
namely no robust computation is called, so that we can compare the efficiency of
floating-point filters. Computing times for= 10° are displayed in Table 3.2. The ra-

tio of computing times (M2, M3, M4) / M1 is also shown in parenthesis. From Table
3.2, itis confirmed that our filter works faster than other filters.

Remark 3.20ne may think that onclegirg]a}oq D, lrgr}igr}](\xi D, 1rgiaé>r<1(|yi ) andlgirr]]ﬂyi )

are obtained, then overflow and underflow might be predictable. But the number of
choices for three points from points is&'(n®). Thus, even if overflow would occur

in the floating-point evaluation for the orientation problem for some few triples of
points, we will in general not detect these exceptional cases in algorithms in compu-
tational geometry, for example, algorithms for convex hull, since the total number of
solving orientation problems in common algorithms for the convex hull is less than
o).

4 Fully-Static Filter

Definep; = (x;,Yi) € F2,i = 1..n. Applications like the convex hull problem require
to compute

(6 — %) (V) — Vi) — (Vi — Vi) (Xj — %))

wherei, j andk are pairwise distinct. A static filter gives an error bound for all such
triples(i, j,k). Letmy = 1@3)( x| andm, = 1“23)( lvi]. By using a technique from [3],
<I<n <i<n

we derive
(O (% — %) (V) — Yi) — (¥ — Yi) (X] — %) |+ UN))

< RO+ ) (1 [+ [yil) =+ (il 4 [yaD (%) [+ [%e]) +un))
< fl(8(8mymy +un)). (4.1)
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Here, we assume that no underflow occurs in &.Ihen, the bound (4.1) is inde-
pendent fromi, j andk. However, a static error bound is evaluated in advance of
main computations at once in applications like the convex hull. We derive a smaller
error bound than (4.1). Assunfémam) > uy. Let m, = maxx;, m, = maxy;,

1<i<n
! — min x: / — min V.. . <ji<
Ny 1rglgnnx. andny 1rgilgnny. From (3.3), for 1< i < 4,
ti=x+é&, |el e <u-utp(ml—n)), |[e] ]3] < u-ufp(m)—np).
From (3.4) without underflow,
X1X =Xs+&5, |es| <u-ufp(fl(xix2)), Xaxa=Xs+&, [€6| < U-ufp(fl(xaxs)).
From assumption (3.15),
t7 =ts—tg =titr —tata = (Xo + €1) (X2 + &2) — (X3 + €3) (Xa + €a)
= X5+ X182+ X2€1 + €182+ €5 — (Xg + X3E4 + X4 €3 + €364 + &)
= X7+ X162+ Xo€1 + £162+ €5 — (X34 + X4E3 + €364+ &6).

Leta = fl(m} — ) andB = fl(m, — n}). We have
X7 —tz] < [Xal€2] + [X2||€n] + |€n]|€2] + |€s| + [Xa]|€a] + [Xal| €3] + [ €3] |€4] + |6
< 2au-ufp(m, —n) 4 2Bu-ufp(m — ni)
+2u-ufp(fl(aB)) + 2u?ufp(ml, — niJutp(mj, —ny)
= fl(2au-ufp(B)) +fl(2Bu-ufp(a)) +fl(2u-utp(fl(aB))
+fl(2u?ufp(a)ufp(B)) =: Ti.

Define
T, = fl(2au-ufp(B) + 2Bu-ufp(a) + 2u-ufp(aB) + 2u?ufp(a)ufp(B)).

For p € F" with n < u~%, Rump [10] derived

iipi —fl(iipi)l <fl((n— 1)u-ufp(ii|pi|)). (4.2)

By (4.2) withn =4, Ty is bounded by
Ty < T+ 3u-ufp(T2) < succ(fl(To+3u-ufp(T2))). (4.3)

We now compare the error bounds (4.1) and (4.3). First, we genetatendn(1000Q1)
andy = randn(1000Q1) a hundred times. Tables 4.1 and 4.2 show the minimum, the
mean, and the maximum ratio (4.3) / (4.1). Next, we generateand(1000Q 1) and

y = rand(1000Q1). Tables 4.1 and 4.2 show the minimum, the mean, and the maxi-
mum ratio (4.3) / (4.1). According to Tables 4.1 and 4.2, our filter produces the better
error bounds.

5 Ifthis is not true, a suitable scaling by multiplying a large number with a power of two for all floating-
point coordinates should be applied.
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minimum mean maximum
0.4537 0.5766 0.9180

Table 4.1 Ratio of the error bound fot = randn(1000Q 1) andy = randn(1000Q 1)

minimum mean maximum
0.1250 0.1250 0.1251

Table 4.2 Ratio of the error bound for = rand(10000 1) andy = rand(1000Q 1)

5 Conclusion

We have developed new floating-point filters for the two-dimensional orientation
problem. Some of the previously available algorithms for this purpose could either
not handle floating-point exceptions like overflow or underflow, or they required ad-
ditional branches for treating them at the expense of slower performance. In contrast,
our algorithms work uniformly without extra branching also for underflow and over-
flow situations, and they are highly performant. As a benchmark we implemented
our floating-point filters and previously available ones for the convex hull problem.
It turned out that our filters have a better performance than the other ones without
recognizable loss of quality.
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