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Abstract

Let p and ¢ be two imprecise points, given as probability density functions on R,
and let O be a set of disjoint polygonal obstacles in R?. We study the problem of
approximating the probability that p and g can see each other; i.e., that the segment
connecting p and g does not cross any obstacle in O. To solve this problem, we first
approximate each density function by a weighted set of polygons. Then we focus on
computing the visibility between two points inside two of such polygons, where we
can assume that the points are drawn uniformly at random. We show how this problem
can be solved exactly in O ((n + m)?) time, where n and m are the total complexities
of the two polygons and the set of obstacles, respectively. Using this as a subroutine,
we show that the probability that p and g can see each other amidst a set of obstacles
of total complexity m can be approximated within error & in O(1/&3 + m?/¢?) time.
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1 Introduction

Imprecision appears naturally in many applications. Imprecise points play an impor-
tant role in databases [1,2,7-10,22], machine learning [4], and sensor networks [26],
where a limited number of probes from a certain data set is gathered, each poten-
tially representing the true location of a data point. Alternatively, imprecise points
may be obtained from inaccurate measurements or may be the result of earlier inexact
computations.

Data imprecision is an important obstacle to the application of geometric algorithms
to real-world problems, since geometric algorithms typically assume exact input. In
the computational geometry literature, various models to deal with data imprecision
have been suggested. The most studied one is based on using regions to represent
imprecise points. For instance, a set of imprecise points may be represented by a set
of disks, where the (unknown) true location of a point is assumed to be somewhere
within its corresponding disk. In such models the goal is usually to obtain worst-case
bounds on the values of geometric measures [25].

In this paper we take a more general approach, we describe the location of each
point by a probability distribution w; (for instance by a Gaussian distribution). This
model has been rarely worked with directly because of the computational difficulties
arising from its generality.

The standard technique to handle these difficulties is to approximate the distribu-
tions by point sets. For instance, for tracking uncertain objects a particle filter uses
a discrete set of locations to model uncertainty [23]. Loffler and Phillips [17] and
Jgrgenson et al. [15] discuss several geometric problems on points with probability
distributions, and show how to solve them using discrete point sets (or indecisive
points) that have guaranteed error bounds. More specifically, they show in [17] how
to compute for an x y-monotone function F (such as a cumulative probability density
function) an e-quantization: a 2-dimensional point set P such that for every point ¢
in the plane the fraction of points in P that are Pareto-dominated! by ¢ differs from
F(q) by at most €.

Even though a point set may be a provably good approximation of a probability
distribution, this is not good enough in all applications. Consider, for example, a
situation where we wish to model visibility between imprecise points among obstacles.
When both points are given by a probability distribution, naturally there is a probability
that the two points see each other. However, when we discretize the distributions,
the choice of points may greatly influence the resulting probability, as illustrated in
Fig. 1. Therefore, approximating the distributions with point sets does not provide an
approximation of the actual probability that the points see each other.

Instead, we may approximate distributions by regions. The concept of describing
an imprecise point by a region or shape was first introduced by Guibas et al. [12],
motivated by finite coordinate precision, and later studied extensively in a variety of
settings [3,13,16,18,19].

In this paper we approximate each density function by a weighted set of polygonal
regions, and apply this to approximate the probability that two imprecise points can

! That is, having larger x- and y- coordinates.
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Fig. 1 Two pairs of point sets on opposite sides of a collection of obstacles. The green points can all see
each other, whereas none of the red points can (Color figure online)

see each other. As part of our results, we introduce a novel technique to represent
the placement space of pairs of points that can see each other amidst a set of disjoint
obstacles. We believe this technique is interesting in its own right. For example, we
show that it can be applied to compute the probability that two points inside a polygon
see each other. Rote [20] suggested to use this probability as a measure of degree of
convexity of a polygon and showed how to compute it in O (n”) time. Later it was
observed that the running time of Rote’s algorithm can be reduced to O(n”) [21].
Applying our technique we can compute the degree of convexity in O (n?) time.

1.1 Results and Paper Outline

We are given two imprecise points p and g, modeled as probability density functions
over R?, and a set of disjoint polygonal obstacles , also in R?.

Our goal is to compute the probability that p and g can see each other, or equiva-
lently, that the segment connecting p and g does not cross any obstacle in O.

The main result presented in this paper is that, if the probability density functions
are Gaussian distributions, then this probability can be approximated efficiently. More
precisely, our main result is the following.

Theorem 1 Given two imprecise points p and q, modeled as Gaussian distributions
w1 and o, and a set of obstacles of total complexity m, we can approximate the
probability that p and q see each other with an error at most ¢ in O(1/e> + m? /&%)
time.

Our approach is based on g-approximating a Gaussian distribution using a set of
0O(1/¢) convex weighted polygons, with O (1/./¢) complexity each. More precisely,
the set of weighted polygons defines a step function that approximates the Gaussian
probability density function in terms of the volumetric error: the volume of the sym-
metric difference between the step function and the probability density function.” The
derivation of a set of weighted polygons of appropriate complexity that guarantees the
approximation factor is the main goal of Sect. 2. In that section we also briefly discuss
other error measures that could be considered instead of the volumetric error.

2 Volumetric error can also be viewed as an L distance between the two functions, and is twice the total
variation distance used.
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Once the probability density function of each imprecise point is approximated by a
set of weighted polygons, we can focus on visibility between two of such polygons, one
for each imprecise point. The key difference is that now we can use uniform probability
for each polygon, simplifying the computations considerably. Therefore the problem
becomes that of computing the probability that two points drawn uniformly at random
from each polygon can see each other. At this stage we assume that the obstacles in
O are disjoint polygons, and that they are convex (this can always be achieved after
pre-processing).

The main result in Sect. 3 is how to compute the probability that two points chosen
uniformly at random inside two convex polygons (with obstacles in between) can
see each other. We show how to do this in O((n + m)?) time, for n and m the total
complexities of the two polygons and the set of obstacles, respectively. This result is
technically involved, and requires computing an integral, which we defer to Sect. 4,
and partially to the Appendix.

Note that the approximation factor in our main theorem only comes from approx-
imating a Gaussian distribution with a set of weighted regions. For two points p and
q, uniformly distributed in two polygons, the method presented in Sect. 3 allows to
calculate the probability of them seeing each other exactly. We obtain a closed form
expression for the probability making use of arithmetic operations and the logarithm
function. Throughout the text we assume that the model of computation is the real
RAM, standard in computational geometry, with the addition of the logarithm function.

Finally, once that the results in Sects. 2, 3 and 4 are in place, we show in Sect. 5
that it is straightforward to combine them to obtain our main result, Theorem 1.

2 Region-Based Approximation

Let P be a set of weighted regions in the plane, and let w(P) > 0 denote the weight
of aregion P € P.Let P(p) = {P € P | p € P} be the regions of P containing
point p € R?. Set P defines a step function

frp)= Y w(P),
PeP(p)
that sums the weights of all regions containing p. We will use the step function fp to
approximate a given density function, however, we will not require that fp(p) € [0, 1]

orthat [ fp(p)=1.
peR?
To measure the quality of an approximation we will use the volumetric error
between the approximation function and the distribution, i.e., the total volume of the

symmetric difference between fp and u (refer to Fig. 2). More precisely, we say that

Definition 1 A step function fp defined by a set of weighted regions P e-approximates
a probability distribution with density function u if

/ lu(p) — fr(p)l <e.

peR?
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Fig.2 A probability density
function p (yellow) can be
approximated by a set of
weighted regions P,
representing a step function fp
(purple) (Color figure online)

Additive or Multiplicative ? There are other, possibly more straightforward, approaches
to approximating a given density function. Why did we opt for using the volumetric
error instead of, for example, choosing a local multiplicative or additive approxima-
tion function? Next, we will formally introduce and discuss both approaches, and
demonstrate why in our case a third approach was needed.

Consider a domain D C R2. We say that fp, for a given set of weighted regions P,
is a local multiplicative §-approximation of p on domain D if, for all points p € D,

(I =8u(p) < fp(p) <A +Hu(p).

It is easy to verify that a local multiplicative approximation function is also a global
approximation function, i.e., the total error between fp and u is bounded. However,
observe, that in this case, no finite set P can be a local multiplicative approximation
of many natural distributions (like Gaussians, for instance). This is because no step
function fp with finite number of steps can be inscribed between functions (1—36)u(p)
and (1 4+ 8)u(p), where u(p) is a Gaussian distribution.

We say that fp, for a given set of weighted regions P, is a local additive §-
approximation of  on domain D if, for all points p € D,

lu(p) — fr(p)| < 9.

Finding set of such regions P that locally additive §-approximate a given distribution
function is straightforward. However, bounding the absolute distance between fp
and p at every point p in the plane implies no guarantee on the total error of the
approximation.® Figure 3 illustrates the difference between the locally additive and
locally multiplicative approximation approaches.

As local approximations do not lead to a good global approximation, it is necessary
to use a global method of bounding the total error. The total error between an approx-
imation function and the distribution function is exactly the volume of the symmetric
difference between the two. Thus, the total error of approximation of a distribution
function p by any function fp, that is an e-approximation of w by Definition 1, is
bounded by . Any probability distribution x can be approximated in this way, but
the total complexity of P, i.e., the sum of the complexities of each of its regions,
depends on various factors: the shape of 1, the shape of the allowed regions in P, and
the error parameter ¢. To focus the discussion, in this work we limit our attention to

3 An earlier version of this document [5] mistakenly claimed that local additive approximations imply
global approximations.
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Fig. 3 TIllustration of the difference between additive (red) and multiplicative (blue) approximations of
the same (1-dimensional) Gaussian function (green). While similar at the center, at the tails the additive
approximation drops to zero while the multiplicative one continues to add steps (Color figure online)

Gaussian distributions, since they are natural and have been shown to be appropriate
for modeling the uncertainty in commonly-used types of location data, like location
information obtained by a GPS (Global Positioning System) receiver [14,24].

In the following two sections we show how to find a set of polygons that e-
approximates a given 2-dimensional radially symmetric Gaussian distribution p with

. . o0 . . . .
covariance matrix ¥ = ( 0 0_) . First, we approximate u with a set of concentric disks,

and then, building up on this result, with a set of polygons. Note, that this method can
also be applied to a general multivariate Gaussian distribution by first rescaling it to a
radially symmetric one.

2.1 Approximating Gaussian Distributions with Disks

A natural way to approximate a Gaussian distribution with a set of regions is by
using a set of concentric disks. Given a Gaussian distribution with probability density
function u, and a maximum allowed error &, we would like to compute a set P of k
disks that e-approximate ;. We may assume p is centered at the origin, leaving only
one parameter, the standard deviation o, to govern the shape of ,

_ x4y
nix,y) = e 27,
Y 2ro?
or in polar coordinates,
|

79 = — 2(r2'
wir,0) =-——e

The function u does not depend on 6, therefore, in the following, we will omit it and
write w(r) for brevity.

We are looking for a set of radii rq, . . ., r; and corresponding weights wy, ..., wi
such that the set of disks centered at the origin with radii ; and weights w; &-
approximates jt. We use these disks to define a cylindrical step function f; (7). Figure 4
shows a 2-dimensional cross-section of the situation. Minimizing the volume between
the step function and u, we obtain the following lemma:
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Fig. 4 Partial cross-section of a 2-dimensional Gaussian function (green) and the approximation function

(red), illustrating the choice of radii (r;) and weights (w; ) for the k regions in P. We use p; to indicate the
ith radius where the approximation intersects with the Gaussian (Color figure online)

Lemma 1 Given a Gaussian probability density function | with standard deviation o,
and an integer k, a minimum-error approximation of i by a cylindrical step function

fa, consisting of k disks with radii ry, ..., ry centered at the origin with weights
wi, ..., Wi respectively, is given by
k+1
i =20,/log ——, 1
i g W
1 k+1-1)
wi= gt )
moc (k+1)

foralll <i <k

Proof Let W; = le‘-:i w ;. We introduce an additional set of parameters p, ..., ok,
where p; is such that u(p;) = W;, i.e., p1, ..., pi are the radii of intersections of i
and the approximation function f; (refer to Fig. 4). We will minimize the volume of
the symmetric difference between the two functions over the 2k variables r; and p;,
and derive the corresponding weights. Let D(R) be the complement of the open disk
of radius R centered at the origin, and let Vp (R) be the volume under the probability

density function p on D(R):

2w 00

o

r R2

VD(R)—//,u(x y)dxdy-//,u(r 0)r dr do /iz T3l dr = e 27,
R

D(R)

Then the volume of the symmetric difference between the functions p and f; can be
found by the following formula:

V=(-Vp(o1) — Winp}
+Wir (17 = p}) = (Vo(p1) = Vo (1)
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+ (Vp(r) = Vo(p) = Wor (03 —1?)

+ Wor (r22 - p%) — (Vp(p2) — Vp(r2))
I

+ (Vp(r—1) — Vp(or)) — Wi (p,% - r;il)
+ Wi (12 = p2) = (Vo(oo) = Vo ()

+ Vp(rr)
k=1

=147y rf () + ulpiy1)) + wriu(p) — 2 Zp, 11(p;)
i=1 i=1

k k
+2) Vbt =2 Vo(p)
i=1 i=1
2

2 2 k
2 _”i+21 1, % 1 ) 2
_1+FE r e 2 20 +Frke 20 _O—_ZE pie 20

HZ[%_QZ[%. 3)
i=1 i=1

To minimize V, we compute the derivatives with respect to p; and r;:
2
Pi b 1 ) .
—e 207 ——=r), fori =1
av | o <'° i Tl

dp,' Di /JZ
—e ? <p, ——(rl 1~|—r2)> forl <i <k
o

2 2 2
ri _ i Pl _ i .
— |e 202 4+ ¢ 202 —2e 222 ), forl <i <k
dv o
= 2 2
dri ri [ _fi _ i )
— e 202 — Qe 22 |, fori = k.
o

Setting the derivatives to O results in the following identities:

2,2 re, fori =1 @
0
l r,-2_1+rl-2, forl <i <k
R 7 e
_ i e 22 +e 22, forl <i<k
26 202 = 2 (5)
i
e 27, fori = k.
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To find the closed-form expressions for 7; and p;, we do the following. First, if we
substitute Eq. (4) into Eq. (5) we get:

1 P

—(1—}-@_402), fori =1

2

_i 1 f-271 "2+1
e 40?2 = 5(6_452 _}-e_a2>, forl <i <k
2
—e 7, fori = k.
2

Define a function g[i] = ¢ %72, and define g[0] = 1, then the expression above can
be rewritten as:

gli— 1]+ gli + 1]

5 forl <i <k, (6)

gli]

with the boundary cases g[0] = 1 and g[k] = % glk — 1]. Notice that, because the
domain of the function g is discrete, this relation holds only for linear functions, i.e.,

glil=ai +b,
for some coefficients a and b. From the boundary cases we find that a = —ﬁ and
b = 1. Therefore,
il=1 i
il=1- .
8 It 1

Finally, from this expression and Eq. (4) we can derive Eq. (1) and the expressions

for p;:
/ k+1
I"i:20‘ IOg#,

2
i :\/20210g (k.+ D —.
k+1-0D)k+2-1)

Substituting the expressions for p; into w; = W; — Wiy = w(p;) — n(pi+1), we
attain Eq. (2), thus proving the lemma. O

Since the error € is given, we can use the expressions derived in the proof of
the previous lemma [in particular, Eq. (3)] to find the value of k such that the volume
between the step function f; with k disks and w is at most €. This leads to the following
result.
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Theorem 2 Given a Gaussian distribution u and € > 0, we can e-approximate . with
a cylindrical step function f; that is defined by a set of k weighted disks, where

k = P - 1} = 0(1/e).
&

Proof Using Eqgs. (4) and (5) and Lemma 1, the minimum symmetric difference
between the functions p and f; found from Eq. (3) can be simplified to

1

Vmin = m

The volume Vpi, gives the error of approximating the distribution density function u
by the set of disks:

and thus,

[0

It follows that we can e-approximate a Gaussian distribution by using O(1/¢)
disks. O

Notice that the result of the theorem does not depend on the shape of the Gaussian
distribution, i.e., on o. It only depends on the required error €.

2.2 Approximating Gaussian Distributions with Polygons

The curved boundaries of the disks of f; make geometric computations rather compli-
cated. Therefore, next we consider approximating p by a set of polygons. Computing
a set of polygons of minimum total complexity is a challenging mathematical problem
that we leave to future investigation. However, we can easily obtain a set of at most
twice as many polygons as the minimum, by first computing a set of k disks with
guaranteed error ¢, then defining 2k annuli (two for each disk), and finally choosing
2k regular polygons that stay within these annuli. Figure 5a illustrates this idea; since
the relative widths of the annuli change, polygons of different complexity are used
for different annuli. For each disk with radius r; we define two radii r/ and /" by the
following formulas:

1
n(r}) = 5 (oD + 1)),
1 %
MGIES 5 (W) + 1(pis1)-

Knowing the widths of the annuli we can calculate the total complexity of the approx-
imation.
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piTiTiTy pit1

(a) (b)
Fig. 5 a A Gaussian distribution, given by isolines at k levels (green), 2k annuli around each disk (red),
and a set of polygons that can be used to obtain an approximation (blue). b We choose 2k regular polygons
(blue) inscribed in annuli {ri’ ,ri}and {r;, ri”} with cumulative weights W; and (W; +W; 1) /2, respectively.
For points within annuli {rl.’ ,riyand {r;, ri” } the error of approximation of the Gaussian function (green) by

the weighted polygons is not greater than the error of approximation by k-level step function (red) (Color
figure online)

Theorem 3 Givene > 0, any Gaussian distribution can be e-approximated by O (1/¢)
polygons of complexity O(1//¢€) each.

Proof First, we compute a set of k =

- concentric disks by Eqgs. (1) and (2)
et —

that approximate the distribution function p with guaranteed error ¢. For each disk
with radius r; we find radii r/ and r/’ from Eq. (7). Then we choose 2k regular polygons
that stay within the annuli defined by pairs of radii {r/, r;} and {r;, '} with weights
w; /2 each. These 2k polygons g-approximate the probability distribution function f.
To prove this, we will show that this set of 2k weighted regular polygons approximates
wu better than the cylindrical step function f; with k disks. Consider all » such that
pi <r < pi+1.Thestep function f;(r) = W; forr < r;,and f;(r) = Wiy forr > r;.
The error of approximation of u by f; at point r, therefore, is W; — u(r) forr < r;,
and p(r) — Wiy for r > r;. Now consider the approximation of . with the polygons.
For all points within two annuli {p;, r/} and {r/’, p; 1}, the error of approximation of
u by the weighted polygons is exactly the same as by the disks (for these points, the
weight of the corresponding polygon is equal to the weight of the disks). For all points
within two annuli {r/, r;} and {r;, r/'}, the error of approximation of . by the weighted
polygons is not greater than the error of approximation by the disks (refer to Fig. 5b).
For these points, the cumulative weight (i.e., the value of the approximation) of the
corresponding polygons equals the cumulative weight of the disks (W; for annulus
{rl, ri}, or Wiy for annulus {r;, r'}), or is equal to (W; + W;41)/2. In the first case,
again, the error of approximation of u by the polygons in point r is the same as the
error of approximating it by disks. In the second case, using Eq. (7), we conclude that
the value of the approximation of u by the polygons is closer to the true value of 1 (r)
than the one given by f;(r) (refer to Fig. 5b). Therefore, the error of approximating
u by 2k weighted regular polygons is less than €.
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It remains to show that the complexity of each polygon is O (\/Lg). The complexity
of aregular polygon inscribed in an annulus depends only on the ratio of the radii. That
is, given an annulus with an inner radius r;,, and an outer radius r,,,;, we can fitaregular
[/ arccos ~7-gon in it. Consider an annulus given by {r/, r;} (the calculations for

Fout

the second type of annuli are alike). First, derive from Eq. (7) the formula for r;:

rl = [2021o 2kk+ 1
P Ek+1—)k+3—2)

then the number of vertices n; of the polygon inscribed in the annulus {r/, r;} is

, T b4
= P 2k(k+1)
arccos -+ log = 1=h o=
il | arceos [“EEEEETD
(k+1—i)2

Value n; reaches its maximum when r//r; is maximized. Consider

2 2k(k+1)
. ri log e nari=n
ro=\) = Tkt 1
T log (et 1)
(et 1—0)2

as a continuous function of i, where i is defined on interval [1, k], differentiate it and
solve the following equation:

0= 4k +6-4i)1 2k + 1) 4k +5 — 4i) log KD
T DI k13 2D+ 1—10) DR 1=

After dividing both sides of the equation by (4k + 6 — 4i) log (,fi"ltllgz (notice that it
is a non-zero value on the interval [1, k]) we get

2k(k+1) .

l0g Zrmnari=n _Ak+S5-4 1
k(k+1) o —4i — 4
log (D, 4k + 6 — 4i 4k + 6 — 4i

The left-hand side of this equation is 7' (i) by definition. Therefore T (i) passes through
its critical point(s) where it intersects the function (1 — m) (refer to Fig. 6). By
computing the second derivative of 7 (i), and again using the fact that at the critical
points,

2k (k+1) .

102 ZrE—n &= _4k+S5—4i
k(k+1) = —

log ERn. dk + 6 — 4i

we find that the second derivative is strictly negative. Testing the boundary cases i = 1
and i = k we can conclude that for sufficiently large k (k > 3), the two functions
will intersect on the interval [1, k]. Therefore, taking all the above considerations in
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Fig.6 Graphs of 7 (i) and
| — gro—g7 intersect where
T (i) reaches its maximum

1
4k 46— 4i

1

]

account, we conclude that there is a single critical point of 7' (i) on the interval [1, k],
and it is a maximum. Then,

1 1
max 7)) <max (1l - ——— )| =1 — ——,
I<i<k I<i<k 4k + 6 — 4i 4k + 2

and, using the Taylor series expansion,

n < T =2n«/§+0<i)=0<i>. O

arccos,/1 — ‘#4_2 \/]: \/E

Remark 1 A crude estimate on the volume under the 2k weighted polygons is | Vapx —
1| = O(e).

3 Visibility Between Two Regions

Consider a set of obstacles O in the plane. Throughout the paper, we assume that the
obstacles are disjoint simple polygons with m vertices in total.* Let the obstacles be also
convex. Otherwise we can partition the non-convex obstacles without increasing the
total asymptotic complexity. Given two imprecise points with probability distributions
w1 and o, we can approximate them with two sets Py and P, of weighted regions,
each consisting of convex polygons. For every pair of polygons P; € Py and P, € Pa,
we compute the probability that a point p; chosen uniformly at random from Pj can see
a point py chosen uniformly at random from P,. We say that two points can see each
other if and only if the straight line segment connecting them does not intersect any
obstacle. The probability of two points p; = (x1, y1) € P and pr» = (x2,y2) € P>
seeing each other can be computed by the following formula:

4 We could also start from non-disjoint polygons and decompose them into simple disjoint polygons, but
this could possibly lead to higher complexity.
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[ [[ vxi, y1, x2, y2) dxa dys dxp dyg

P P
S [[ dxadys dxy dy; '
Py Py

Prob{ p; sees p» } = (3

where v(x1, y1, X2, ¥2) is a visibility indicator function: it is 1 if the points see each
other, and O otherwise. The denominator of the expression on the right-hand side is
simply the product of the areas of the polygons P; and P,. Then, the probability that
two points p; sampled from P; and p, sampled from P, see each other

Prob{p; ~ f’P] sees p2 ~ fpz}

P P P P
-y w(Ppjarea(Pr) ) wiParea(P) b bipr € Py sees pa € Pa

Piep, VApx(Pl) PreP, VAPX(PZ)

~ Y w(P1)w(P2)////V(Xl»)’l,m,yz)dX2dy2dX1dy1,
PIEPy,
PePy b

where w(P;) and w(Ps) are the weights of polygons Py and P>, and Vypx(P;) and
Vapx(P>) are the volumes under the weighted disks of P} and P, respectively. Recall
from Remark 1 that these volumes are within 1 £ O (g). This expression also approx-
imates the total probability that two points sampled from ) and p; see each other
with an error at most €.

Prob{p; ~ 11 sees p» ~ uz}

~ oy w(ﬂ)w(&)/f//v(xl,yl,xz,yz)dxzdyzdxldyl.

PPy, P P
PePs ! 2

To compute this integral we will apply the point-line duality transformation (refer to
Chapter 8 of [11]). Consider the dual space where a point with coordinates (o, )
corresponds to a line y = ax — 8 in the primal space. Let L(P;, P») be the set of all
lines that intersect both Py and P, and let £L*(Py, P2) be a set of points in the dual
space corresponding to L( Py, P>). We shall omit the arguments and write £ and £*
when it is clear from the context which polygons are under consideration.

Let us rewrite the numerator of Eq. (8) in terms of integration over £*. This will
correspond to integrating over all lines £ € L. Consider some line £ € £ such that the
visibility along £ is unobstructed by obstacles. Then, intuitively, the contribution to
the integral of this line £ is the product of lengths of the segments £ N P and £ N P;.
However, if there are obstacles obstructing the visibility along ¢, the contribution to the
integral will depend on the relative positions of the polygons and the obstacles (refer
to Fig. 7). First, we will show the change of variables that will lead to integration in
the dual space, and then we will show how to account for obstacles and to compute
the numerator of Eq. (8).

Change of variables Consider some line ¢ € £ with equation y = ax — § that passes
through two points p; = (x1, y1) € P1 and p> = (x2, y2) € P». Then,
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Fig. 7 The visibility along the line £ is unobstructed by obstacles, the contribution to the integral is
la1by| x |c1dy| (where |s| denotes the length of segment s); due to two obstacles blocking the visibility
along the line £, its contribution to the integral is |azez| X |c2ea| + | f2b2| X | f282]

yi=oax; — B,
Y2 =axy — B.

In the dual space, point £*, corresponding to the line ¢, has coordinates (&, 8). Using
the following change of variables,

(X1, y1, X2, y2) < (x1, @, x2, B),
we obtain the numerator of Eq. (8) in the following form

Xo(a,B) Xa(o,B)
// / f v(xy, o, x2, B)|J| dxa dx; da dB, )
L* Xi(e,f) X3(a,B)
where X1 («, 8) and X»(«, B) are the x-coordinates of the intersection points of the

line y = ax — B with polygon P;, X3(«, B) and Xa(«, B) are the x-coordinates of
the intersection points of the line y = ax — B with polygon P,, and

dvi dnt
_ da dB | xp = _
J = det %% —de'[|:x2 _11|—xz X1.
da dp

In Sect. 4 we will show the details of how to compute this integral for a fixed
combinatorial configuration, i.e., for ¢ and B such that the functions X (¢, 8),
Xo(a, B), X3(a, B), and X4 (e, B) are given by the same expressions, and the function
v(x1, @, x3, B) stays constant. For now, we assume this is possible and argue how
to partition the domain of the integral into such fixed combinatorial configuration
regions.
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Fig. 8 Left: Two polygons Py and P, in the primal space. The shaded region represents the set of lines
L which intersect segments s1 and s of polygon Pj, and segments s3 and s4 of polygon P,. Right: The
partition of region £* in the dual space. The shaded cell corresponds to a set of lines £ in the primal space
intersecting segments s1, 52, 3, and s4

3.1 Computing Expression (9)

Partition region £* in the dual space into cells each corresponding to a set of lines in £
that cross the same four segments of P; and P» (refer to Fig. 8). Then within each cell
of this partition the functions X («, 8), X2(«, ), X3(, B), and X4(«, B) are given
by the same four expressions.

The following observation follows from the fact that each vertex of the partition of
L* corresponds to a line in the primal space through two vertices of P; and Ps.

Observation 4 Given two convex polygons Py and P, of total size n, the complexity of
the partition of L* (P, Py) into cells, each corresponding to a set of lines in L( Py, P)
that cross the same four segments of Py and Ps, is O (n?).

Next, we will introduce a more refined subdivision of the dual space. In each cell
the visibility indicator function v(x1, o, x2, B) will stay constant (in addition to the
functions X («, B), X2(«, B), X3(c, B), and X4(«, B) being described by the same
expressions). We first assume that the polygons Pj, P>, and the obstacles O are all
disjoint. Later we will remove this assumption.

3.1.1 Disjoint Polygons

For each obstacle H € O we construct a region H* in the dual space, corresponding
to the set of lines in the primal space that intersect H. Region H* has an “hour-glass”
shape (refer to Fig. 9). Let S*(Py, P2, O) be a subdivision of the dual plane resulting
from overlaying the partition of the region £*(Py, P>) into cells and the regions H*
for all H € O. We shall simply write $* when it is clear from the context which
polygons and obstacles are considered.

Since the objects involved have in total O (m + n) vertices in the primal space, we
observe:

Observation 5 Ifthe polygons Pi and P, and the obstacles O are disjoint, subdivision
S*(Py, P2, O) of the dual space has complexity O((m + n)?), where n is the total
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Fig. 9 Left: Primal space. Polygons P; and P;, and an obstacle between them. Right: Dual space. The
“hourglass” shape H* (shown gray) in the dual space that corresponds to a set of all lines in the primal
space that intersect the obstacle

Fig. 10 A set of lines corresponding to one cell C of the subdivision S* is highlighted in orange. These lines
intersect the same four segments of the polygons Py and P, and the same subset of obstacles O¢c C O.
Left: Visibility function v(C) = 1. Right: Visibility function v(C) = 0 (Color figure online)

complexity of the polygons Py and P>, and m is the total complexity of the obstacles
in O.

Consider a set of lines L in the primal space that intersect the same four bound-
ary segments of P; and P, that intersect the same set of obstacles O € O, and
that split the rest of the obstacles into the same two subsets. A set L* in the dual
space, corresponding to L, may consist of one or more cells of the subdivision
S*. As the polygons and the obstacles are disjoint (by assumption), the value of
the visibility indicator function v(xy, yi, x2, y2) is constant for any pair of points
(x1,y1) € Py and (x3, y2) € P, that lie on the lines in L: it is 1 if the set of obsta-
cles Oy is empty or if none of the obstacles in O, obstructs the visibility between
the polygons (Fig. 10 left); and it is O if there is at least one obstacle in O block-
ing the visibility between the polygons (Fig. 10 right). In this case we will write
that v(L*) = 1 or v(L*) = 0. Thus, each cell of the subdivision S* is comprised
of the points corresponding to the same fixed combinatorial configuration. Then, for
each cell we can calculate the integral of Eq. (9). It can be written as a sum of inte-
grals over all cells C of §* for which the value of the visibility indicator function v
is 1:
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Fig. 11 Trapezoidal

decomposition of the (,\

configuration in the primal space

X2 (a,B) X4(a,B)

Z /f / / Ix2 — x1| dxz dx; | dee d. (10)
G632 ¢ \i@p x3@p)
In Sect. 4 we will show how to compute this integral for each cell C in time linear in
the complexity of C. The following lemma assumes this result.

Lemma 2 Ifthe polygons P and Py, and the obstacles O are disjoint, Expression (10)
can be evaluated in O ((m + n)?) time.

Proof From Observation 5, the total complexity of the cells of S* is O ((m + n)?).
We explicitly compute the overlay of the partition of £* with regions H* [11]. While
building the overlay, we can update the value of the visibility indicator function v(C)
in O(1) time per event. Assuming that the integral can be computed in time linear in
the size of each cell of §*, Expression (10) can be evaluated in O ((m + n)?) time. O

3.1.2 Intersecting Polygons

In the case when the polygons Py, P>, and the obstacles are not disjoint (the obstacles
are still disjoint among themselves), we partition regions P;\(P> U O), P,\(P1 UO),
and (P; N P»)\O into convex sub-regions (refer to Fig. 11). Note that any linear-size
decomposition into convex sub-regions, for example a triangulation, could be used.
However, here we settle on trapezoidal decomposition for simplicity of implementa-
tion, as the closed form solution of the probability integral will be much more concise
for the pieces containing vertical segments in comparison to the general case (refer to
Sect. 4 and Appendix A).

If the total complexity of the polygons P; and P, is n, and the total complexity of
the obstacles in O is m, then the total size of the convex decomposition is O (m + n).
For two convex sub-regions 71 C P; and 7, C P> we note the following: (a) T}
and 7, are either equal or disjoint, and (b) the size of the corresponding subdivision
S*(Ty1, Tr, ©) is O((m + n)?), as the sizes of 7} and T» may be linear. If T} = 75,
then the corresponding contribution to the integral is (area(T))%; and if T} and T are
disjoint, then we can evaluate the integral as in the previous case. Thus, for all pairs of
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Fig. 12 Lines in e-neighborhood of ¢ can be of a constant number of combinatorial types

convex sub-regions, we can evaluate Expression (10) in O ((m + n)%) time. However,
we are greatly overestimating the complexity of S*(P;, P», O) when counting in this
manner, as we show next.

Lemma 3 Giventwo convex polygons P\ and P, of total complexity n, a set of obstacles
O of total complexity m, and a linear-size convex decomposition of Pi\(P>» U O),
P \(P; U O), and (P; N P)\O, the total size of all the subdivisions S*(Ty, Ta, O),
for all pairs of disjoint convex sub-regions Ty C Py and T» C P, in the convex
decomposition, is O ((m + n)?).

Proof Consider the following construction. Draw the subdivisions $* (71, 7>, O) for
all pairs of disjoint convex sub-regions 7 and 7> in layers, one layer for each pair. Glue
the layers along the coinciding boundary segments of the subdivisions S* (71, T, O).
Let us call this construction &. Each vertex of G corresponds to a line in the pri-
mal space passing through two vertices of the polygons Pj, P», or the obstacles O.
Therefore, there are O ((m + n)?) vertices in S.

Consider an e-neighborhood of some vertex £* of & in the dual space. Let line £ in
the primal space, corresponding to £*, pass through two vertices p and g of the convex
decomposition. For small enough ¢, the lines in the primal space, dual to the points
in the e-neighborhood, intersect the same set of segments of the convex subdivision,
except maybe for the segments adjacent to p and g. The number of cells in & adjacent
to the vertex £* is equal to the number of different combinatorial types> of the lines
dual to the points in the e-neighborhood of £*. These combinatorial types are defined
by the two sets of segments adjacent to p and ¢ that can be intersected by a line from
the e-neighborhood (refer to Fig. 12). Notice that there can be only a constant number
of such combinatorial types (four, if there is no boundary segment of the subdivision
collinear to £, and six at most, if there are boundary segments collinear to £). Then,
each vertex of G is adjacent to only a constant number of cells. Thus, the number of
edges and faces of G is O ((m +n)?) as well. Therefore, the total complexity of all the

5 Two lines have the same combinatorial type if they intersect the same set of segments in the same order.
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subdivisions $*(Ty, T», O) for all pairs of convex sub-regions 7y C Py and T, C P
is O((m 4 n)?). O

Recall that we assume that, for each cell of §*, the integral in Expression (10) can
be evaluated in time linear in the size of the cell. Then, as a corollary to the previous
lemma, we obtain the following lemma.

Lemma4 Expression (10) can be evaluated in O ((m + n)?) time.

We sum up our results in this section with the following theorem.

Theorem 6 Given two convex polygons Py and P, of total size n and a set of disjoint
polygonal obstacles of total complexity m, we can compute the probability that a point
p1 chosen uniformly at random in Py sees a point py chosen uniformly at random in
Py in O((m + n)?) time.

Observe that we do not necessarily need to require that the polygons P; and P»
are convex for Theorem 6 to hold. It would be enough for the polygons to have a
linear-size intersection, so that the convex decomposition of their overlay (together
with the obstacles) would also be of linear size.

As an easy corollary to Theorem 6, we improve on aresult by Rote [20] of computing
the degree of convexity of a polygon, i.e., the probability that two points inside the
polygon, chosen uniformly at random, can see each other, from O (n”) down to O (n?).

Corollary 1 Let P be a polygon (possibly with holes) of total complexity n. We can
compute the probability that two points chosen uniformly at random in P see each
other in O (n®) time.

4 Computing the Probability for a Fixed Combinatorial Configuration

This section contains technical details of computing the integral in Expression (10)
for a fixed combinatorial configuration. The reader may safely skip it, and move to
the next section that concludes the paper with a general summary of the results.

Next, we will show how to evaluate Expression (10) for a set L* in the dual space
corresponding to a set of lines L of some fixed combinatorial structure in the primal
space. That is, all lines in L intersect the same four segments of P; and P, intersect
the same subset of obstacles, and split the rest of obstacles into the same two subsets.
For all points («, 8) in L*, functions X («, B), X2(«, B), X3(, B), and X4(«, B)
are given by the same four expressions, and v(L*) = 1. Denote the term that the
integration over L* contributes to the Expression (10) as Iy «:

Xa(e,B) Xa(a,B)
I+ = // / / |x2 — x1]dxp dx; | dee dB.
L* 1(e,8) X3(o, B)

Suppose the lines in L intersect segments s; and s, of the polygon Py, and s3 and s4
of the polygon P, (Fig. 8). Let segment s;, for | <i < 4, lie on the line with equation
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aix +b;y+c; = 0. Then, the limits of integration in the general case can be expressed
as:

b1B —ci byB —c2

Xi(a, ) = ———, Xo(o, ) = ——,
1(a, B) e - 2(a, B) o T s
b3 —c3 baf —cq4

X3(a, B) = bao t a3’ Xa(a, B) = bac Fan’

Now, given a specific set of lines L with a fixed combinatorial structure, we can express
the limits of integration as functions of « and § and evaluate the integral. Later we
will also consider special cases, including when some of the terms and denominators
can be zero.

Before we present the integration in detail, we will need to take a closer look at the
shape of the set L*. First, consider the case when L does not contain vertical lines.
Let, as before, Oy, be the set of obstacles that the lines of L intersect, let O, be the
set of obstacles lying above the lines of L, and let O; be the set of obstacles lying
below the lines of L. Then L* is an intersection of (1) the four wedges corresponding
to the four segments, (2) the hour-glass shapes corresponding to the obstacles of Oy,
(3) the unbounded convex shapes above the hour-glass shapes corresponding to the
obstacles of O, and (4) the unbounded convex shapes below the hour-glass shapes
corresponding to the obstacles of Op. As a result, the set L* can consist of multiple
cells of S*, with each such cell being bounded and x-monotone.

If L contains vertical lines, the above-below relation between the lines and the
obstacles O, and O, depends on the lines’ slopes. The non-vertical lines of L can be
split into two sets L1 and L such that the obstacles of O, lie above the lines of L
and below the lines of L, and the obstacles of O, lie below the lines of L and above
the lines of L,. Thus, to obtain the set L™ we need to take the union of two sets defined
above for L and L. The set L* may consist then of multiple cells of S*. Each such
cell is x-monotone, but is not necessarily bounded. However, for each unbounded cell
C* with o going to 400, there is a corresponding cell C~ with a going to —co, and
the four infinite rays on the boundaries of C* and C ™~ lie on the same pair of lines.

When computing the integral we will consider each bounded cell C separately, and
each pair of unbounded cells C* and C~ together. As all cells are x-monotone, we
can partition them into vertical strips and get a closed form integral for each such strip.

4.1 Bounded C

First consider the simpler case of a bounded cell C. Recall that by construction the
polygons Pj and P» in the primal space are disjoint. We can assume without loss of
generality that X < X7 < X3 < X4, and therefore |xp — x1| = x2 — x1. Then,

Xo (. B) Xa(a.B)
IC=// f / (x2 —x1)dxpdx; | da dB.
C 1@, B) X3(a,8)
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After solving the inner two integrals we get:

> da dp

Ic—/ (X2 —X1)(X4—X3)(X3+X4— X1 —X2)
1
=5//(—XfX3+X§X3+X1X§—X2X§
2 2 2 2
+X1X4—X2X4—X1X4+X2X4)dad,3.

For some i and j,

w2 bip—ci)b;p — cj)?
XlXj - (b« —l—a,-)(bja +aj)2'

Define /;; in the following way:

I;j Z/f XiX?dotd,B

_ ,2
// (bip —ci)bjp —cj) do dp
(biax + a;)(b a+a/)2

ay [ Ara+B
==Z:f /’(bﬁ—axbﬁ c;)? a5 | e
CoCCay \ujass (bio +a;)(bja + a,)2

where C is split into vertical strips C,, with each C,, bounded from left and right by
vertical segments with a-coordinates equal to o] and o2, and bottom and top segments
defined by formulas 8 = A1« + By and 8 = Ao + B> (Fig. 13). Then,

1
Ic=5(113—131—123+132—114+141+124—142)~ (11)

Denote with Fc, ;j(a) the indefinite integral corresponding to the vertical strip C,
with the constant of integration equal to 0:

B B )by — )

(@) = iB—c)biB—c;

FCU,U (a) = / / (biat +(1i)(bj05 +aj)2 dﬂ do. (12)
1¢+By

Then the terms of the integral can be evaluated by the following formula:

Lj= Y (Fc,ij@) — Fe,ij@)).

c,cC
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Fig. 13 Left: A bounded cell C, divided into vertical strips. The darker strip is bounded by vertical lines
o = o1 and @ = ap from the sides, and by the lines § = Aja + By and B = Ara + Bj from below and
above respectively. Right: A pair of unbounded cells C{," and C,, divided into vertical strips. The darker
strips Cj and C,; are bounded by the lines 8 = Aja + By and 8 = Ay + Ba, C;r is bounded by & = o
from the left, and C,; is bounded by o = a from the right

The complete case analysis for the closed form of F¢, ;; after the integration is pre-
sented in Appendix A.

4.2 Unbounded C

In the case when C = CTUC ™ is unbounded, we can assume without loss of generality
that X1 < X» < X3 < X4 and |xo — x1| = x2 — x1 in the right component of C,
and X1 > X2 > X3 > X4 and |x3 — x1] = —(x2 — x1) in the left component of C.
Therefore, the integral I¢c can be expressed in the following way:

Xo(a,B) Xa(a,B)
Ic = // / / (x2 —x1)dxpdx; | dadp
c+ 1@, B) X3(e, B)
Xi(a,B) X3(a. B)

_// / / (x2 — x1)dxpdxy | dae dpg,

(o 2(a, B) X4(a, B)

and one term of the integral for given i and j as:

L =//XiX§dadﬂ—//X,-deozd,B
c+t Cc—

:// (bif — )b =) 4 45 _ // (bif —c)b;p =)\ ig
ct c

(bia + ap)(bjo + aj)? (biaw + aj)(bja + aj)?

The evaluation is equivalent to the bounded cell case except for the two unbounded
vertical strips C;f and C; . In this case we will have to evaluate the integral I¢ as it
tends to + oo and — 0o, and show how to join the two terms of the unbounded strips
into one term that depends only on two bounded values of o and «5.
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+oo [ Ara+

By
e PP (biB —ci)(bjB —cj)?
I’J(CU)H’-’(C“)_/ / (o + apbya +a;2 O | &

o] 1+ B

o) Ala+

B
_/~ ,/ wm—quﬁ—qﬂdﬁ(m
(bi + a;)(bja + a;j)?

—00 20+B)

+o00 [ Ara+B> 2
/ biB—ci)DiB—cj)
(bi(x —l—ai)(bjoz—l—aj)z

dg | do
o] 1a+By

o) Ara+B

2
(biB —ci)(b;B —c))?
+/ / (bia +ar)(bje +a;)> dp | da

—00 1¢+By
= lim (Fep (@) = Fep y(-0)) = Feg j(en) + Fez ().
Hence,
lij = Z (Fe,.ij(e) = Fe,ij(a1))

CyCC\[CFUCy )

+FC{f',ij(a2) - Fc;f',,‘j(al) + ah—{go (FC{,",ij(a) - Fc;f',,‘j(_a)) .

In Appendix B we will show that, after plugging in the formula for /;; into Eq. (11),
the indefinite integrals Fi+ ; ne cancel out when their argument tends to —oo and 4-00.
Intuitively, this could be explained by the fact that the slopes A; and A; are equal for
the strips C,” and C;. Recall that the complete case analysis for the closed form of
Fc, ij after the integration is presented in Appendix A.

Therefore, using the closed form expressions for the indefinite integral Fe.+ ; ; we
can evaluate the value of the integral /¢ in time proportional to the complexity of the
cell, and thus calculate the total probability that two points sampled from two weighted
sets P; and P see each other in O ((m + n)?) time.

5 Main Result

Combining Theorems 3 and 6, our main result follows:

Theorem 1 Given two imprecise points p and q, modeled as Gaussian distributions
w1 and o, and a set of obstacles of total complexity m, we can approximate the
probability that p and q see each other with an error at most € in O(1/&3 + m?/&2)
time.

Proof We apply Theorem 3 to e-approximate w1 and up with two sets of weighted
regions M| and My, each consisting of O(1/¢) convex polygons of complexity
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O(1/4/¢). For every pair of polygons P; C M/ and P, C My, we use Theorem 6
to compute the probability that a point chosen uniformly at random from P can see
a point chosen uniformly at random from P;. We need to solve a total of O(1/¢?)
such problems. For each of them, we have n = O(1/4/¢), so applying Theorem 6
leads to an O((1/+/¢ + m)?) running time. Overall, we obtain a total running time of
0((1/e2)(1/ /e +m)?) = 0(1/e> + m>(1/¢?)). O

6 Conclusions

Motivated by approximating the probability that two imprecise points given by prob-
ability distributions can see each other, we presented a technique to approximate each
probability density function by a weighted set of polygons. This constitutes a novel
approach for dealing with probability density functions in computational geometry.
We also showed how to apply this technique to solve our original visibility problem
efficiently, improving a recent result along the way.

Regarding future work, it would be interesting to study how our technique can be
improved in at least two aspects. Firstly, by finding a minimum complexity approxi-
mation of u by weighted polygons, instead of resorting to a 2-approximation, as we
currently do. Secondly, we used approximation to go from a continuous distribution
to a set of polygons, but then used exact computations for the visibility between such
polygons. Another interesting question is if one could speed up the computation con-
siderably and/or use simpler data structures by using approximation also in this second
step. Other related topics worth studying would be imprecise points that move, and
the application of this general imprecision model to other problems on points beyond
visibility, e.g., geodesic shortest paths.
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A Evaluation of F¢, j;

The closed form of Fc, ;; after the integration depends on the relative position of the
segments s; and s ;. There are the following cases to consider:
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1. In the general case, when b; # 0, b; # 0 (segments s; and s; are not vertical), and
a;/b; # aj/b;j (segments s; and s; are not parallel), after the integration we obtain

that

Fe,,ij(a) =

1 ~ b;
oe e 00D Taqin? (a4 - at) + 30f0? (B - BY)
12b% (ajb; — a;b;)

— 12472 (A3B; — A?Bl) — 1246}’ (AZBS . Ale)
+ 182673 (4383 - A1B7)
+4 (bje; + 2bic;) (afbj (Ag - A?) — b3b; (Bg - B%)
—3a2b;b; (A%Bz — ATBY) + 3aibPb; (Ang - A1B12>)
+6(2bjci + bicj) (a,?bic,- (A% - A%) +blc; (Bg - B%)
—2a;b?cj (Ay By — AIBI))
+12aib7¢i% (Ay — Ay) — 12b7¢;c2 (By — Bl)]
log (laj + abj|)

1267 (ajb; — aibj)

—3b2b (B;* - B;‘)

+12a7bibj (3a;b;

53030 (3ajbi — 4aib)) (43 - a?)

—2a;b;) (A%Bz - A?B])
+ 12a;b;b (A282 AlB>
+ 18a;b;% (ajb; — 2a;b; (A2322 - A%B%)

4 (bjei + 2b,»c,~) (a2 (2005 = 3aiby) (43 = A7) + bib3 (B3 - BY)
—3a;b; (a;b; — 2a;b; )<A282 —A Bl> —3a;b <A232 — A B ))
+6(2bjci+bic)) (a ¢j (ajbi—2a;b; )(A2 f)—b,-bﬁcj (322—312)
+2aib%c; (A2 By — A]B])>

— 12a;b%¢;c3 (Ay — Ay) — 12bib2cic? (By — Bl)]
1
+ 2
24b;ib3 (ajbi — aibj) (aj + ab;)

[30°6i153 (ajbi — aib) (43 — A1)

o (aib; — ajbi) (363 (3ajbi +2a;b;) (A3 = A1)

—24bib3 (A3B2 — ATB1) 4862 (bjci + 2bic;) (A3—47))
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- (ajbi — aibj) <6ajbj (2ajb,- + aibj) (14421 - A?)
- 24ajb,-b? (Ang - A?Bl) + 8ajbj (bjC,‘ + Zb,'Cj) (A% - A?))

+6atb? (43— A%)+6b20% (B - BY)+36a20707 (4383 - A3B7)

—24a307b; (A%Bz - A?Bl) — 24a;b7b’} (Ang - Ale)
+8(bjci + 2bic;) (a;’bi (Ag - A?) — bib} (323 - B?)

- 3afbibj (A%Bz — A%B]) + 3ajbib§ (AzBZZ - A]B%))
+12 (ijcl- + biCj) (a?bicj (A% — A%) + b,‘b?é‘j (322 — Blz)
—2ajbibjcj (A2By — A]Bl))

+24a;b;bjeic% (Ay — Ap) — 24bb2;c2 (By — By) ]

lLa. Ifstill b; #0,b; # 0and a;/b; # a;/b;, but the segment s; is pointing towards
the segment s; (the supporting line of s; intersects s;), and one of the corners of
the integration strip C,, corresponds to this line going through s;, then the following
equalities hold:

a; —l—(x/b[ =0,
Aja; — B1bi +¢; =0,
Asra; — Bob; +¢; =0,

where &' is the x-coordinate of the corner of the strip C,, in the dual space. We obtain
these equalities from considering the intersection point of the lines 8 = Ajo + B
and 8 = Asa + B> in the dual space, and the corresponding line a;x + b;y +¢; =0
in the primary space, to which s; belongs. Then, the argument of the log function of
the first term of the general formula becomes 0 at « = ', and we need to treat this
as a special case. Plugging in these equalities into the Eq. (12) before the integration,
and evaluating the integrals, we obtain the following closed form for the Fc, ;;(a):

log (la; + abj])

Fe,ij(a) = T [9 (ajbi —aib;)’ (A‘Z1 - A‘,‘)
i

+16 (ajbi - aibj) (b,’Cj — bjci) (A% - A?) +6 (bjc,- — biCj)2 (A% — A%)]

1

e |3d%® <A4—A4
24075 (a./+ab./)[ (42 4)

—ab?b2 (9 (ajbi — 2a;b;) (45 — A%) +16 (bic; — bjei) (43 — A7)

+2a;b2bjer (3 (3aib; — 2a;b;) (A3 - 41) =8 (bic; — bjei) (43 - A1)
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+ (60207 — 9a?b?) (4% — ) + 16a;bi (bicj — bjei) (A3 = A7)
+12 (bjC,' — biCj)z (A% - A%) :|

1.b. In the symmetrical case, when b; # 0,b; # Oanda; /b; # aj/b;,but the segment
s is pointing towards segment s; (the supporting line of s; intersects s;), and one of
the corners of the integration strip corresponds to the supporting line of s, then the

following equalities hold
aj+a'b;j =0,
Ayaj — B1bj +c¢; =0,
Azaj — Bybj+c¢;j =0,

where o corresponds to the corner of the strip. In that case,

log (la; + ab;
Fe,ij@) = %[4 (ajbi — aibj) (bicj — bjci) (Ag - A?)
i

+3 (ajb; — aiby)’ (43— A%) |+ ﬁ%b?[m%ib,- (a3-at)
+a (1240, = 6aiby) (A3 = A1) =8 (bjei = biej) (43 - 41)) |

2. In case when b; # 0, b; # 0, but the segments s; and s are parallel, the following
equality holds:

Then after integrating Eq. (12) we get:

log(la; +abi) [, 2,2 (4 L4 2,2 (4252 _ 42p2
e E (A3 af) + 30762 (4383 - a3B})
L

—6a;b; b’ (Ang - A?Bl) +2b; (bjci + 2bic)) (a,- (A% - A?)

Fe,ij(a) =

—b; (A%Bg - A%Bl>) + (ijc,' +biCj)biCj (A% - A%>i|

1 4,4 44),.4,2
+ 3a” (AT — A5 ) b7 b=
240717 (ai-l—abi)z[ ( ! 2> v

+ao3 (12a,»b;”b§(A‘2* —AD - 2419;‘195(@32 — A}By)
+86%; (bjci +2bic;) (A3 - AD)

+o? (33026763 (A% — A) — 48,5762 (A3 B> — AT BY)
+16a;b7b; (bjc; + 2bic;) (A3 - AD))

@ Springer



2710 Algorithmica (2019) 81:2682-2715

— o (6abib% (A3 — AD) +T20;b763 (A3 B3 — ATBD)
—48a7b7b5(A3By — AJB)) — 24b7b% (A2 B3 — A1 B})

+8bibj (bjc; + 2bicj) (27 (43 - A7)

— 6aibi (A3By — A3B1) +307 (4283 — 41B}))

+24b%c; (2bjc; + bicj) (ai (43 = AT) = bi (4282 — A1 B)
+ 24} cic% (A — A]))

21463 (A3 - a}) + 3002 (BS - BY) — s4a?op0? (4383 - 43B})
+60a7b;b? (A%Bz - A?Bl) + 120;5}6% (Ang - Ale)
—4bj (bjei +2bic;) (507 (43 — A7) - 9a2b; (4382 — a3B1)
+3a;b? (4283 — A1BY) + 07 (B3 - B))

—6bic; (2bjci +bicy) (3aF (43 — A}) = 24ii (A2By — A1 BY)

(53 )

- 12aibi2c,-c§ (Ay — Ap) — 12b§cic§ (By — By) ]

3.If b; = 0 (segment s; is vertical), and b; # 0, then
log(la; +abj|
Fc,ij(@) = log (la; +ab;l) 5 / )[—a%ci (A% - A?)
aib/ ’
+2a;bjc; (4382 — ATBI) - blc; (4283 — A1 BY)
—2ajcic <A% - A%) +2bjeic; (AyBy — A1 B1) — cic? (Ag — Al)]

l 3,3 (43 _ A3
+ [ — bl (43 - A7)
6a;b5 (aj +ab;) !

+3ablci (aj (43— A7) +2b; (A2B1 - 43Bs) +2¢; (43 - 43))
+2aajbjc; (2a; (43— A7) +3b; (4381 — A3B2) +3¢; (43 - 43))

- Za?c,- (A; - A?) + Zb:;-Cl' (Bg — B?)

+6abjc; (4382 — ATBI) - 6a;b3c; (A2B3 — A1 BY)

— 6a?c,~c‘/ (A% - A%) - 6b?c,'cj' (B% - B%)

+12ajbjcicj (AyBy — A1 B1) — 6ajc;cd (A — Ap) + 6bje;c? (By - Bl)].

3.a.1fb; = 0,b; # 0, and segment s; is pointing towards s; then A1 = Ay = —c;/a;.
Note that the value of « corresponding to the line passing through s; is at oo, thus
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there is no extra consideration to be made of evaluating the integral at the corner of
the strip in this case.

log (laj + abjl)
a?bj
¢i(By — By)
3ajbj(aj + abj)
+a;b3(Bf + BBy + B3) + 3aibj(ajci — aic;)(Bi + Ba)

Fe,.ij(a) = [Ciz(Bz — By)(a;ibj (B + By) — 2a;cj + 2ajCi)]

[ — 30[2b§ci2 — Baajbjciz

+3(aicj — ajci)z].
3.b. If b; = 0, and segment s is pointing towards segment s;
aj + Ol/bj =0,

Alaj — B]bj +cj= 0,
Azaj — Bij +c¢j =0,

where a’ corresponds to the corner of the strip. Then,

ac; (2a; + ab;) (A3 — A3
FCU,ij (Ot) _ i ( J 6al/])( 1 2) .
ivj

4.1t b; # 0, and b; = 0 (the segment s, is vertical), then

log (|la; + ab;|) »

YT cj[(A§ — Aha? + (B — B})b? —2(A2By — A1 B1)a;b;
a“ b
Jj7i

Fe,ijla) =

+2(A2 — ADaici — 2By = BUbici |

C;Ol 2 2 2 2
i [o (43 = A3) by — 20, (43 - A7)
j 1

+4b; (Ao By — A1B1) —4c¢i (Ar — Al)] .
4a. If b; #0,b; =0, and segment s; is pointing towards s; then
a; + Ot/b,' =0,

Aja; — B1b; +¢; =0,
Ara; — Bob; +¢; =0,
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We get:

ac?(A% — A (a; + ab;)

Fc,,ij(a) = 122D,
j l

4b.1fb; # 0,b; = 0, and segment s; is pointing towards s; then A} = Ay = —c;/a;,
and
log(la; + bia|)(By — B1)¢;

EYTN [(Bl + By)ajb; +2a;c; — 2ajcl~]
j 1

Fe,ij(a) =
3
— Ol—é(Bg — By).
a
J
5.1f by = 0 and b; = 0 (both segments are vertical), then
cict (@® (A2 — Ap) +2a(By — Br))

2
2a,aj

Fe,ij(a) = —

B Evaluation of F¢, jj at +-00 and —oo

In this appendix we show that the indefinite integrals Fc, ;;(-) cancel out when their
argument tends to —oo and +o00.

Consider the case 1 from Appendix A. The rest of the cases are similar. For ease
of reference, we will split the terms summed up in the expression of Fc, ;; into five
parts Fi, ..., F5. Let F] be the first term of the expression, i.e., the one which is
multiplied by log (|a; + ab;|). Similarly, let F> be the second term, which is mul-
tiplied by log (|a j+ab j|). The remaining terms F3, Fy, Fs will be defined later,
such that F(x) = Fi(a) + F2(a) + F3(o) + Fa(o) + F5(a). We will argue that
al;ngo (Fi(a) — Fi(—a)) =0,foreachi =1,...,5.

B.1 Case of F; and F»

Denote the coefficient of log(|a; +ab;|) in F; as Z, and consider the limit of this term
for Fey . (), when « tends to infinity.

lim (Fi(a) — Fi(—a)) = lim (Zlog|a; + ab;| — Zlog|a; — ab;l),
o—> 00 o—> 00
Then,
lim (Fi(a) — Fi(—a))
o—> 00

. a;
= lim ((Zlog‘——l—bi
o

o—> 00

+ Zlog |(x|> - (Zlog

ai
= b
o

+ Zlog |a|)>
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= Zlog|b;| — Zlog| — b;j| + lim (Zlog|x|— Zlog|«|) =0.
oa— 00
Similarly,

ali)ﬂgo (F2(a) = F(—a)) = 0.

B.2 Case of F3, F4 and Fs

The remaining terms of Fc, ;; will not cancel out as easily as in the case of Fj and F>,
therefore we will split them into three groups F3, F4 and F5. We will need to evaluate
these terms for all the F¢, ;; for all i and j. Denote F¢, to be

Fc, = Fe,13 — Fe, 31 — Fe,23 + Fe, 32 — Fey 14 + Fey a1 + Fey 04 — Fey 42,

analogously to Eq. (11).
Consider the terms with the variable expression of the form o /(a j +abj). After
we collect all such terms for all i and j they will cancel out. Indeed, let

o3 3 (Aé — Aélt) b,’b? (ajb; —aibj)

i,j)= .
AP aj +ab; 24bib?(ajbi —aibj)

Note that f3(i, j) is a function of «; however, we will omit « in this and subsequent
definitions for ease of presentation. We can now define F3 as

F3 = f3(1,3) = 33, 1) — f3(2,3) + f3(3,2)
-fHLYH+ 4D+ 32,4 - f34,2).

After simplifying the expression above, we obtain F3(«) = 0, and therefore

lim (F3(e) — F3(~a)) = 0.

Now, let
f(l ])_ a2 . aibj_ajbi (3<A4_A4)b2(3ab+2ab)
A aj +ab; 24bib§(ajbi—aibj) 2 L) 2 Y
24 (3B — A}B1) bib) + 8 (A3 — A7) B(bsci + 2bic)))
and let

Fp= fa(1,3) = faB, 1) = fa(2,3) + f43.2) — fu(1.4)
+fa4 D+ f2(2,4) — f4(4,2).
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Then, after calculating the limits of F4 we get:

(A? - A%) ((a3bg — asb3)(bycy — bacy) — (azby — a1b2)(bac3 — bica))

li F. =
oA Fal@) 3b1bab3ba

. (43 = A3) (@sby — asb3)brca = bacr) = (@ab1 = arba)(bacs — byea))
a—illloo a(@) = 3b1bab3by '

Hence
lim (F4(a) — F4(—a)) = 0.
o—>00

Finally, let

(ajbi —aibj) 3 3 2
(.j)=— : —24a; (A3B, — A3By) b;b?
0D = e S s —a,-b,->( i (438 At
+8(43 = A7) ajbjbjei + 2bicy) +6 (A% = Af) ajb;ajbi +aib))).
and let

Fs = f5(1,3) — f53, 1) = f5(2,3) + f5(3,2) — f5(1,4)
+f5(4’ 1) + f5(21 4) - f5(49 2)

After calculating the limits of F5 we get:

(A? - A%) ((agb3 — azbg)(bycy — bacy) + (azby — ayb)(byc3 — bicy))

)

li F. =
A 5@

3b1byb3by
1 (A? - A%) ((agbz — azbg)(bicy — bacy) + (azby — a1by)(bacs — b3cy))
el — ’
Am F5@) 3b1bab3by

and
1ijgo (F5(a) — Fs(—a)) = 0.

The last term of F¢, ;;, with 1/(a; +ab;) will tend to O when « tends to plus or minus
infinity. Thus, collecting all the terms together, we get that

lim (Fi(a) — Fi(—a)) = 0.
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