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Abstract

Irradiance at a point on a receiver due to a uniformly emitting polygon luminaire, or equiv-
alently, the differential area to polygon form factor, is of fundamental interest in computer
graphics. An elegant closed-form expression attributed to Lambert, dating from the 18th
century, is the most commonly used formula for the problem. This document provides sev-
eral alternatives to Lambert's formula, all of which are summations on the vertices of the
source polygon rather than the edges. A term in a vertex-based summation is a function of
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evaluated in any order and are therefore suited to algorithms where polygon contours are
constructed incrementally.



Vertex-Based Formulations of Irradiance from Polygonal Sources
Technical Report UUCS-00-012

Michael M. Stark
Department of Computer Science
University of Utah

May 29, 2000

Abstract

Irradiance at a point on a receiver due to a uniformly emitting polygon luminaire, or equivalently, the
differential area to polygon form factor, is of fundamental interest in computer graphics. An elegant
closed-form expression attributed to Lambert, dating from the 18th century, is the most commonly
used formula for the problem. This document provides several alternatives to Lambert’s formula,
all of which are summations on the vertices of the source polygon rather than the edges. A term in
a vertex-based summation is a function of the vertex position and the local behavior of the incident
edges. The summations may be evaluated in any order and are therefore suited to algorithms where
polygon contours are constructed incrementally.

1 Introduction

The fundamental radiometric quantity rsdiance the radiant power carried along a line [2]. Radiance is
measured in units of W/Afsr. A related quantity igradiance, the incident radiant flux at a surface point.
Irradiance at a receiver poimtis computed by integrating the incoming radiance against a cosine, in all
directions above the surface:

I(r) = % fQ L(r,w) cos(6) dw L

whereL(r,w) is the incoming radiance atin the directionw and# is the anglev makes with the surface
normal atr. Irradiance is the power per unit arearatind thus carries the units WmNote that irradiance
is defined at a point on a surface where there is a tangent plane and a well-defined outward normal. The
tangent plane atis also referred to as threceiver plane

Irradiance and its photometric analiigminanceare important quantities in a variety of different areas,
from biology to illumination engineering. For computer graphics, irradiance is of fundamental interest
because it is directly proportional to the apparent brightness of a diffuse surface at a point.

1.1 Lambert's Formula

The irradiance due to a uniformly emitting polygéhcan be computed by an elegant formula attributed to
Lambert [9]

M n
I(r) = o > Bicos 2)
im1

whereg; is the angle edgémakes with the receiver point and~; is the angle the plane containing edge

andr makes with the receiver surface normaf. is an emission constant (in W#n For a real surface, it is
assumed that no portion of the polygon lies below (with respect to the surface normal) the tangent plane at
r, andr is off the polygon.
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Figure 1: A uniformly emitting polygonal source can be projected onto an image plane or the unit sphere
through a receiver point. The irradiance atr does not change, and can be computed from a surface
integral on any of the three polygons.

Lambert’s formula may be expressed directly in terms of the vertiegs, . v, of the polygon, the
receiver pointr, and the unit surface normkll atr:
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n
I(r) = _M Z arccos (3)
Tia
wherev; = v; —r. In this formulation, the edge normalgx v;; are the outward normals of the polyhedral
cone through the polygon with apexrathence the negative sign preceding the sum.

A drawback to Lambert’'s Formula is that it is a summation over the edges of the polygon rather than the
vertices. For an unoccluded polygon this is less of a consideration, but algorithms for computing partially
occluded irradiance often work by clipping the source polygon against all the occluding polygons [7]. This
process generally produces the vertices of the clipped source before it produces the edges, so a formula for
irradiance that is a summation over the vertices of the polygon rather than the edges is a useful alternative.
The development of such vertex-based formulas is the purpose of this work.

1.2 Plan of this Work

An important property of uniformly emitting objects is illustrated in Figure 1. Projectively equivalent uni-
formly emitting objects produce the same irradiance; that is, objects which look the same from a given
receiver point produce the same irradiance. This follows directly from (1), which is an integral over only the
incoming directions. The advantage of this property is that projecting a uniformly emitting source polygon
onto an image plane, or onto the hemisphere, will produce the same irradiance.

This document develops formulas for the irradiance due to a uniformly emitting polygon based on the
vertex positions and the local behavior of the edges at the vertices. In Section 2, the polygon is projected
onto an image plane and a formula is developed in terms of the projected vertices and the slopes of the
incident edges. Section 3 details a more direct reformulation of Lambert’s formula which works on the
original polygon vertices and uses edge vectors and normals for local behavior at each vertex. In Section 4
a formula is developed based on a spherical projection of the polygon, and in Section 6 the image plane
formula is extended to work in the real projective plane.

Whenever possible, the formulas will be developed in terms of a natural representation of the polygon
in the space in which the formula is developed rather than referring to the original polygon vertices.
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Figure 2: (a)The geometry for Lambert’s formuléb) The angles3; depend on the edges, so if part of the
polygon is clipped by an occluder, the terms associated with the vertices of the affected edges have different
values. (c) Using Green’s theorem in the image plane produces a formula in terms of the local behavior
at the vertices. (d) The contributions of the existing vertices are not affected if a bite is taken out of the

polygon.
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Figure 3:To apply Green'’s theorem, the polygéris projected onto an image plane parallel to the receiver
plane, one unit above. The origin of the coordinate system of the image plane lies directly above the point
of evaluationr on the receiver. The projection induces a reversal of orientation for front-facing polygons.

2 Image Plane Formula

The objective of this section is to construct a formula in terms of the vertices of a podgbat has been
projected through onto animage planewhich is the plane parallel to the surfacerand one unit above
(in the direction of the outward normalat r) as shown in Figure 3. This projection does not change the
irradiance at- [2]. The behavior of the edges incident on each vertex may then be characterized by their
slopes.

Lambert’s formula shows that the irradiance is invariant under rotation about the noraaathe orien-
tation of ther andy-axes in the image plane is not importantu is an arbitrary unit vector perpendicular to
n, andv = n x u, the projection of a vertex of P may be computed, for example, using the homogeneous

transformation .
ot — | 0 u vin oO I —r v )
10010 00 01 o 1 1|

(In the case of a polygonal receiver,can be a normalized edge; for a curved receivecould be the
direction of one of the curvilinear coordinates.) The first matrix on the left effects the projective projection,



the other two perform a rotation and translation, respectively, to a coordinate system in which the receiver
plane is thery-plane and the image plane is the parallel plane thrdogh, 1), coordinates in this system
will be calledimage plane coordinates

In the remainder of this section we shall assufhbas been projected onto the image plane forming a
new planar polygo* having verticesy, .. ., v;,. Each vertex; of P* will be treated as a two-dimensional

point (z;, y;) in image plane coordinates; thecoordinate is always 1 and is omitted in this section.

2.1 Integration

The irradiance from a uniformly emitting surfade which is not self-occluding as viewed from a point
on a receiver can be computed [1] from the surface integral

M
/ cos O cos 0, ds, 5)
S

d2

™

whered is the distance from to a point onS, 6, andfs are the angles made by the ray joiningnd the
point with the receiver normal atand the surface normal at the point, respectively. The condfaigt an
emission constant &f.

For the projected polygoR*, the integral of (5) has a particularly simple form; it reduces to the ordinary
plane double integral (omitting the emission constant and normalizing factQr

I(r)://*;da:dy. (6)

(1+ a2 +y2)?

This double integral may be reduced to a contour integral on the bound&y uding Green’s theorem:

Flda:—l—dey:// (ﬁ—@> dx dy. (7)
ap* « \ Oz dy

The usual convention is counter-clockwise vertex ordering with respect to the outward normal. For a
“front-facing” polygon, the angle between the outward normal and the receiver surface normal is negative,
so the projected polygo#®* will have a clockwise vertex ordering on the image plane, which means a
negatively-oriented boundary contour and the sign of the left-hand side of (7) must be reversed.

Taking F»(z,y) = 0 and F; (z, y) an anti-derivative of the integrand in (6) with respecyteve obtain
from Green’s theorem

1 n
R W :f Fi(z,y) dz = / Fi(z.y) dz.
//* (1+x2+y2)2 y P+ 1(z,y) ; B? 1(z,y)

The line integral over each edge can be evaluated by parameterizing the edge with the line ggeation

m;x + b; and integrating over the domain of the edge = v v}, ;

Tit1
Fi(z,y)de = / Fy(x,miz + b;) de = Q(xj1, mi, b;) — Q(x;, m;, by)

* .
E; T

(vertical edges consequently drop out of the summation). Hese

Q(w,m,b):/ (/mdy>

m; = (yi+1 — ¥i)/(xit1 — ;) is the slope of the segment joining andwv}, |, andb; is they-intercept of
that line.

dzx,
y=mx+b




The irradiance integral may therefore be written as

n

I = > Qwiv1, mi, b)) — Qwi, mi, by)
i=1
= Qz2,m1,b1) — Qz1,m1,b1) + -+ + Qz1, My, b)) — Qxp, M, by)

= Y Qwi,mi1,bi1) — Qi mi, by)
i=1

As b; = y; — myx; andb;_; = y; — m;_12; the intercept term can be eliminated by introducing a new
function F(z,y, m) = Q(z, m,y — mz), and the final form of the solution thereby obtained is

M n
I= ?ZF(xi,yiamFl) — (@i, yi, my). (8)
Ti=1
The functionF' is
F(z,y,m) = Az arctan(Ay) + C(y — mz) arctan [C(z + my)] 9)
where
1 1

A Y wpery ry praen v (10)
Equations (8), (9) and (10) provide a formula analogous to Lambert’s formula for the irradiance due to

a uniformly emitting polygon. The first term in (9) is independentigfand therefore appears to cancel in

the summand of (8) so it is tempting to omit it frof But recall that terms of' with undefinedm are

omitted outright, so in the case where only onergfandm;_; is undefined, there is nothing to cancel the

first term. The terms do cancel if neither incident edge is vertical.

2.2 Remarks

There are several notable points about the result. Most importantly, the formula is a summation over a

function of the vertices and the incoming and outgoing slopgs, andm;, respectively, and consequently

may be evaluated in any order. In the case of an extraneous vertex, which has the same incoming and
outgoing slope, the twé' terms cancel and there is no contribution to the sum. Although the formul for

looks complicated, it is fairly easy to evaluate. Both the square root and arctangent functions have desirable
computational behavior; note the radicand is bounded above 1.

The formula is valid only for a polygon which lies strictly above the plane of the receiver. As with
Lambert's formula, the polygon must be clipped against the receiver plane, but unlike Lambert’s formula,
the projected polygon must be bounded on the image plane. (Otherwise the foregoing computation would
have to be evaluated in the real projective plane, and this is the subject of Section 6.)

2.3 Error Bounds for the Image Plane

As noted above, the vertex-based formulation of the image plane integral requires a bounded projected
polygon. If the polygon impinges the receiver plane the projection on the image plane will be unbounded.
In this section we derive a simple bound on the error incurred by clipping the projected polygon on the
image plane against a disc or square centered at the origin.

As it happens, the integral of (6) becomes simpler in polar coordinates, so we start by developing a
bound in terms of a disc in the image plane. Udbe the complement of the open disc of radiicentered

at the origin. Formally
A={(z,y): /22 +y2 > R}.

5



Figure 4. (a)The vertex, edge, and edge normal vectors associated with verté)) WhenP is partially
occluded bub; remains visible, the incoming and outgoing edge vectors change only in magnitude, and the
(unit) edge normals remain the same.

If all of A is emits radiance uniformly with emission constaiit the resulting irradiance is computed from

M 1 M [ p2m S | M
—//—2da7dy:—/ / %derzZM/ du=
™ A(1+ 22+ y?) 7w Jr Jo (1+72) 14+R2 U 1+R

This value therefore bounds the irradiance of any object with emigdiavhich lies totally outside the disc
of radiusR. The exterior of the square with side-len@R satisfies this and we have proved the following:

Lemma 1 The error incurred in computing the irradiance from a uniformly emitting polygon with emission
M by clipping inside the square with side len@R centered at the origin on the image plane is bounded
by M/(1 + R?).

Note M/(1 + R?) < M/R?, so the bound is actually slightly better than the inverse square of the
clipping square. In practice it might make more sense to clip the polygon in space against the viewing
frustrum through the clipping square before projecting.

3 \Vertex-Based Reformulation of Lambert’s Formula

The goal of this section is to develop a vertex-based formulation of Lambert’s formula analogous to the

formula of the previous section, but based on the original polygon vertices rather than the image plane
projection. Each term of the summation must depend only on the vertex and the local behavior of the

incident edges, and hence can be evaluated in any order. For this, a formalization of what is meant by the
“local behavior” at each vertex is required.

Define thevertex vectorof polygon P by v; = v; — r, and theedge vectorase; = v;11 — v; and
designate thincomingandoutgoingedges at vertex; as the vectorg; ; ande;, respectively. Each non-
degenerate edge is contained in a unique plane containing the edge and the receiver pbege edge
planes contain the faces of the cone subtended byom r, and therefore have an associated outward
normal. We define the un@utward edge normals

L (vi—7) X €  ViXViy
i =)y el v x Vigal

Eachi; is the outward normal of facg containing edge, of the cone subtended ¥ from r, as illustrated
in Figure 4(a). We shall refer th; _; andi; as the incoming and outgoing edge normals at vertex

If polygon P is partially occluded as viewed from but some neighborhood of vertexremains visible,
the incoming and outgoing edge vectors for the vertex correspondingimothe clipped polygon do not
change direction. Consequently, the incoming and outgoing outward normals are invariant, as illustrated in
Figure 4(b).




Figure 5: (a)The angles; can be computed by subtracting the anglgs; and v; make with a reference
vectorx; (in the plane of edgé. (b) A natural choice for the reference vector is the edge veetdself.

3.1 Arc Length as an Angular Difference

Each edge plane intersects the unit sphere centerednathe arc of a great circle. The arc is the edge
projected onto the sphere, and the great circle is the intersection of the sphere with the edge plane. The
length of the arc (the measure of the angle subtended byieftge ) is 5; in (2) and is what makes the
summation dependent on the edges of the polygon, as the natural way of conffusifiy computing the
inverse cosine of the inner produ&t-v;4 1, as is done in (3).

The edge dependence can be avoided by expregsiag thedifferenceof the angles that; andv;;
make with some reference vectorin edge plane. A choice for the reference vector is the normalized
edge vectog; itself, as shown in Figure 5(b). In symbols, set

0i1 = arccos(X-V;)

0i2 = arccos(X-Viq1),
SO thaT,BZ- = 92',1 — 91'72. Then

B; = arccos(V;-&;) — arccos(V;y1-€;) (11)

where the unit edge vectés is

A & Vi1~

e; = = .

el llvigr — vill

3.2 Formula

Equation 3 can be reformulated in terms of the vertices and the local behavior of the incident edges. Substi-
tuting equation (11) foB; and rearranging produces

n
—I(r) = Z [arccos(V;-&;) — arccos(V;41-€;)] N-fy
i=1
= arccos(V1-81)N-f; — arccos(Ve-€1)N-ny + — - -+ 4 arccos(Vy,-€,)N-i,, — arccos(V1-é,)N-n,
n
= Z arccos(V;-&;) N-n; — arccos(v;-&; 1) N-f; 1
i=1



@ (b)

Figure 6: (a)A directed arc on the sphere. The position of the tail of the arc has longitudisitude

and the position angle of the direction of the edgg (gneasured counter-clockwise from the meridian with
respect to the inside of the spheréb) A spherical polygon, viewed from the inside of the sphere. A vertex is
characterized by its longitude and latitudig, «] and the position anglegi, and xou: of the incoming and
outgoing edges, respectively.

Switching the terms of the summand gets rid of the negative of the sum, and thereby we arrive at the new
formulation of Lambert’s formula:

M n
I(r) = — Z arccos(V;-&_1)N-n;_; — arccos(v;-&;) N-ii;
2m i
(12)
M VXe. VX €
= — Z arccos(V;-&;_1) N-& — arccos(V;-&;)N- X & (13)
[ v e IV x &l

Equation (13) has the edge normal vectors replaced by their values in terms of the incoming and outgoing
unit edge vectors.

Equations (12) and (13) are summations over the vertices of the polygon rather than the edges. The edge
dependence of the original formula has been removed by using the edge vectors and normals.

4 Spherical Polygons

In this section we develop a vertex-based irradiance formula for a polygon on the sphere. Loosely, a spherical
polygon is a region on the sphere which is bounded by a collection of great-circle arcs, the edges of the
polygon. In terms of irradiance, we are only interested in spherical polygons contained in the hemisphere
above the receiver plane.

While every polygon projects to a spherical polygon, not every spherical polygon is the projection of a
planar polygon. As a trivial example, the hemisphere itself is a polygon with a single edge, consisting of an
entire circle.

4.1 Spherical geometry

A brief review of spherical geometry is in order. As the basic elements of Euclidean geometry are points
and lines in Euclidean space, the elements of spherical geometry are points and great circles on the sphere.
A great circleis the intersection of the sphere and plane through the origimdtesof the great circle are
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the points on the sphere which intersect the line through the center perpendicular to the plane. Informally,
anorientationon a great circle is a direction for traversal; each great circle has two possible orientations.
An orientation can be thought of as a choice of one of the poles, in such a way that the orientation of the
great circle is “right-handed”. This chosen pole is in fact the intersection afutvweardnormal to the plane
of the great circle, and will hereafter be referred to asujger poleof the great circle.

A connected portion of a great circle iggeat circle arg or, in this context, simply aarc. A directed arc
is an arc with an orientation, and can be specified by ordering the endpoints. Notice that simply specifying
two points on the sphere does not uniquely determine an arc, although it does determine a unique great
circle. In fact, an oriented great circle is uniquely determined by a single pole, just as each point on the
sphere is the upper pole of a unique oriented great circle.

4.2 Spherical coordinates

A coordinate system on the sphere is required. Spherical coordinates in the literature differ somewhat,
depending on how they are used. We will use a system analogous to the longitude/latitude system, with lon-
gitudes measured positively to the east, and latitudes measured positively to the north as shown in Figure 6.
Formally, we assume the sphere is a unit spheiiplaced at the origin with the north pole in the direc-

tion of the positivez-axis and the prime meridian in thepositive portion of therz-plane. The spherical
longitude ¢ and latitudex (or azimuth and altitude) are related to the rectangular coordinates according to
the equations

r = cos¢cosa
= sin¢gcosa
z = sina.

The intersection of the sphere with thg-plane is theequator and is taken to have the usual orientation,
making the upper pole the poif®, 0, 1), the north poleof the sphere. The great semi-circles of constant
longitude are theneridians and the meridian with zero longitude is thgme meridian The pole of the
meridian with longitudep is taken as the spherical poijgt — 7 /2, 0].

A more standard practice in graphics is to measure the latitude angle from the north pole rather than from
the equator, probably because that corresponds to the angle a point, or ray, makes with a surface normal.
This angle is often called theplatitudein cartography and astronomy, and we will éstr this angle, for
consistency with the normal angle, noting the relaios 7/2 — a. ! In either case, spherical coordinates
are unique except for the north pole, and its diametric oppositedin polewhere longitude is undefined.

4.3 Spherical Polygons and Position Angles

A spherical polygon is the analogue of a planar polygon; the boundary instead consists of a finite collection
of great circle arcs, thedgesof the spherical polygon. An oriented spherical polygon consists of oriented
edges in a natural way. We assume the spherical polygon pasite orientation, which amounts to a
counter-clockwise vertex order with respect to the center of the sphere.

In order to develop a formula for irradiance from spherical polygons in terms of local behavior, a local
behavior characterization is required. Analogous to the incoming and outgoing slope of edges on the image
plane, the formula will be in terms of incoming and outgopwsition angle which we now define.

The angle between two great circles, or great circle arcs, is the angle made by the planes which contain
them. Theposition angleof an arc at a point on the sphere is the angle the (directed) arc makes with the

The longitude/colatitude system of spherical coordinates is the one adopted my most calculus texts, but they ténidto use
the longitude an@ for the colatitude—the opposite of use of the symbols commonly used in graphics.



(directed) meridian (Figure 6). The position angle of a directed arc is uniquely defined for any point on the
arc except one of the poles, where there is no unique meridian. (In this case, the angle is usually measured
against the prime meridian.) Position angles are full-circle angles, in the fyiye), as they are angles
between directed arcs.

Each vertex of a spherical polygon is a point common to two edgesvditex anglds the angle made
by the two directed edges. The local vertex characterization, analogous to the incoming/outgoing slope
formulation in Section 2, is in terms of the vertex position in spherical coordinates, and the position angles
of the incoming and outgoing edges (Figure 6). The goal is to develop a vertex-based formula for irradiance
from a spherical polygon in terms of vertex position and the two position angles.

For irradiance on a real surface we are only interested in polygons contained in the northern hemisphere,
such as those that might arise from space polygons clipped against the receiver plane then projected onto the
sphere. It is important to note, however, that not every spherical polygon contained in the northern hemi-
sphere arises from such a projected space polygon. As a trivial example, the spherical polygon consisting the
entire upper hemisphere cannot arise from a real (bounded) space polygon, nor can any spherical polygon
with an edge of lengthr.

There is an important restriction on the edges of upper hemisphere polygons. Only half of the great
circle which contains a non-equatorial edge lies above or onghglane, so the maximum length of a non-
equatorial edge is. The points at which the great circle intersects thyeplane are theodesof the great
circle; for an oriented great circle the nodes are identifiedsaendinganddescending nodes the natural
way. As we shall see, the ascending node will serve as the reference point for measuring the arc length of
an edge.

4.4 Projecting Polygons onto the Sphere

In order to develop a formula based on vertex position in spherical coordinates and position angles, we must
relate the positions and position angles of a projected space polygon to the vertices of the space polygon.
Suppose we have a space polygénThe projection onto the unit sphere requires the rotation and transla-
tion portion of the transformation of (4) which translates the receiver poiftt @ 0) and rotates so that the
receiver normal is along the positiveaxis. The spherical positions of the projected vertices are then ob-
tained from the definition of spherical coordinates. However, computing the position angles of the projected
edges is more involved.

Note that the position angle of an edge varies along the edge so it is dependent on the spherical position
on the edge. In other words, the position angle “of an edge” does not make sense unless it refers to the
position angle of the edge at a particular point. We begin by relating the normal to the plane containing a
spherical edge with a point on the edge and the position angle. Edges of a spherical polygon are directed,
and as such they are directed circular arcs in space. Consider an edge through a spherigalogairith
position angley. The edge has a unique unit normal vedias previously described. The edge at the point
can be viewed as a rotation of the equator, in the positive direction, passing through th@ @inThe
rotation which effects this (in the natural space coordinate system described above) is the matrix

R = R.(¢)Ry()Ro(Z

5~ X) (14)

Using an auxiliary angle) = w/2 — x, the matrixR can be written explicitly

cosgpcosa —cos¢sinasiny —singcosyy — cos@sinacosy + sin psiny
R=| singcosa —singsinasiny + cosgcosy —singsinacosyp — cospsiny (15)
sin « cos asin ¥ COS a CoS Y
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(a) (b)

Figure 7:Measuring the angle subtended by a spherical arc. (a) The angle as the difference of the angles
the vertex vectors make with the veodguointing the toe ascending node. (b) The angle as the difference of
the angles measured from the acme of the arc.

The unit normali to the edge is then simply the unit normal to the positively-oriented equator, the vector
(0,0, 1), transformed by the rotation matri:

0 — oS ¢ sin a cos Y + sin ¢ sin P — cos ¢ sin asin y + sin ¢ cos
n=R| 0| =| —singsinacosy —cos¢siny | = | —singsinasiny — cos¢cosy (16)
1 COS o cOS P cos asiny

Equation (16) is of fundamental importance in this section, because it provides the relation of the edge
normal to the position and orientation of a spherical edge at a point.
The position angle of an edge passing through a non-polar pgint) is uniquely determined:
siny = -—ngsinacos¢ —nysinasing+n; cosa @
COSX = mngsing —nycoso (18)
From thez-coordinate of (16) we also have

Ny

siny = (29)

COS @
which is undefined for at the north pole & 7/2), but so is the position angle. (Edges through the north
pole of the sphere have no contribution, because the edge normal is perpendicular to the receiver normal.)
In any case, these expressions together with the definition of spherical coordinates, provide a formula for
converting the position and edge normals of each vertex of a polifgimna spherical position and position
angles of the adjacent edges.

4.5 Lambert’s Formula on the Sphere

Lambert's formula states that the contribution of each spherical edge is the size (arc length) of the edge
times the cosine of the angle the plane of the edge makes with the normal. The latter is easily obtained from
the unit normali of the edge; it is the negative of the inner produciiofvith the unitz-axis, and this is

simply thez-coordinaten, from (16)

CoOsSy = —n, = —cosasiny. (20)

The arc lengths is more difficult. The goal is to measure the arc lengths from each of the two vertices to a
fiducial pointon the edge and express the length of the edge as the difference of the two lengths.
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Consider first the case of a non-equatorial edge. As the polygon is restricted to the upper hemisphere,
the non-equatorial edge is necessarily contained in a great semi-circle which has an ascending node. The
direction of the ascending node, in rectangular coordinates, is given by the cross produci-akifevith
the edge normah. In symbols

sin ¢ sin & cos Y + cos ¢ sin
e=(0,0,1) xi= | —cos¢sinacosty + sin¢siny (21)
0

and the unit vector is

1 sin ¢ sin v cos @ + cos ¢ sin ¢
é= —cos¢sinacosy +singsiny | . (22)
\/sin2 acos? ) + sin Y 0

The angle¢ from the ascending node to a poif, «), in rectangular coordinate®, satisfies, with some
simplification,

cos asiny
\/sin2 a cos? ¢ + sin? ¢

Consequently, the angular size of the edge joininga;| and [¢;+1, a;+1], with position angles;, xi+1,
respectively, is the difference

(23)

cos§{ =v-é=

COS (vj1 SIn Y; cos q; Sin Y;
Bi = &2 — &1 = arccos \/ i+1 S — arccos i Sin Y . (29)

sin? a1 sin? ¥ 1 + sin? ¥y \/sin2 a; sin® ¥; + sin? 1;

A somewhat simpler alternative formulation is also possible in terms of inverse tangents, obtainable by
measuring from the acme of the arc (the point midway between the two nodes, as shown in Figure 7)

coSs o; Sin Y; COS (jy1 SinY;41

B; = arctan : — arctan - (25)
sin o sin oy
COS X; COS Xi+1
= arctan Xi _ arctan —2Xi+L (26)
no; tan o1

In this latter formulation, the arctangent must be extended to include andr /2 for a zero denominator
with a negative and positive numerator. A zero numerator and denominator is not possible for a non-
equatorial edge.

The case of an equatorial edge is conceptually easier, because wedave 1, and the arc lengths can
be measured by subtracting longitudes. However, a problem occurs if an edge crosses the prime meridian
as the difference will be off by-2x. It seems the only direct solution to this problem is to “cut” equatorial
edges at the prime meridian by adding a correction term to the formula.

Summing the edge terms, and rearranging in the manner of the previous sections, we can write the
irradiance directly in terms of the vertex positions and incident position angles

M n
I(r) :cM-i—%ZG((bi,aiaXifl) — G (s, i, Xi) (27)
i—1
where
0, if o =m/2
o if « =0andy = /2
G(éox) =1 -, if a = 0 andy = 37/2 (28)
) cos .
cos asin x arctan , otherwise
tan o
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Figure 8: (a)The plane of an edge on the image plane, and the unit edge \iedtoyMeasuring the angles
subtended of an edge (in the plane of the edge) from the edge vector and from the normal to the edge.

and c is the number of equatorial edges which properly cross the prime meridian (0 or 1, for a proper
spherical polygon.) The correction could, of course, be avoided if we measure the angles of equatorial
edges from the edge vector in space, as was done in Section 3, but doing so would require the original space
vertices of the polygon.

5 The Image Plane Revisited

In this section we return to the situation of the first section, where a polygon (or an entire scene) is projected
onto the image plane. We ultimately wish to address points and edges “at infinity” which correspond to
points and edges along the equator of the hemisphere. The subject of this section is to relate the image plane
formula (8) to Lambert’s formula and therefore to the sphere formula of the previous section. Doing so
will clarify how the image plane formula can be augmented to handle vertices corresponding to equatorial
points on the sphere. We begin by demonstrating how the image plane formula can be extracted directly
from Lambert’s formula without using a separate Green’s theorem integration.

On the image plane, a (finite) polygoredgeis simply a line segment, which for definiteness we take
as the segment joinin@:;, v;, 1) and(z;+1, yi+1, 1). For now, assume the edge is not vertical and therefore
is contained in the ling = m;x + b;. In Lambert’s formula, the irradiance contribution of an edge is the
apparent angular size of the edge times the cosine of the angléhe edge plane normal makes with the
surface normal. Both of these angles are measured from the point of evaluatiotne receiver, which in
image plane coordinates is simgly, 0, 0).

We attack the cosine of the plane angle first. In image plane coordinates, the edge is the difference
(z4,9i, 1)H@it1,yi+1, 1), and the outward edge plane normahis= (z;,y;,1) x (®i+1,yi+1,1). The
cosine is then

—TiYi+1 + Yi%it1 (29)
Vi — yis1)? + (@it1 — i)? + (ziyir1 — yivis1)?

cosvy; = —(0,0,1)-n; =

To remove the dependence on the second endpoirtt,det:; 1 — z;, so thatr;. 1 = z; + ¢t andy;; =
y; + mst. Then the expression febs v; becomes

o —xi(yi + mat) + yi(ws +t)
T Vi i mad)E @ w + (maly o)+ viles + D) (30)
_ t(y; — miz;) @

\/tzmz2 + 2 + t2(miz; — y;)?
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s(yi — miz;)

\/1 + m? + (mzx, — yi)2

, (32)

wheres = sgn(t) is the direction, of sorts, of the edge on the image plane.
The same trick used to compute the anglby measuring from the edge vector (see Section 3) can be
used here. The edge vector, as illustrated in Figure 8, is

S

Vl—l—m?

and the vertex vectors are

o = (s,y5,1) . (@ig1,¥i41,1)

1= e,V =
1+ 2 +y VI+ @i+ i

(34)

The angle of the edge is the difference of the vertex angles measured from the edge vector. We have, for

cosqy = é-vy = s(@i + miys) (35)

Ja+m) (L +a? +yd)

However, the image plane formula involves inverse tangents rather than inverse cosines. To match the
formulation, we use the following identity for first-quadrant angles
a 2—a? a
arccos — = arctan ——— = — — arctan —— 36
Cc a 2 \/02 — a2 ( )
and thereby obtain
s(xi + miy;)

\/1 + m? + (y, - mil‘i)2

Using3; = m/2 — ay, the angle ofr; measured from the perpendicular in the edge plane (as illustrated in
Figure 8, and corresponding to measuring from the acme of the arc in the previous section) the arctangent
conversion remains valid if the numeratey + m;y; becomes negative; the anghe likewise becomes
negative, as itis measured. Then the angle of the gdigethe differences; — 5, (62 computed analogously

to 1) and we obtain

@37)

T
ol = 5 arctan

B; = s | arctan Tit1  Mit1Yis1 — arctan Ti + it . (38)
\/1 + m%ﬂ + (Yit1 — Mip12i41)? \/1 +mi 4 (yi — miz;)?

The term for the edge is the produgtcos ; in which the sign terms canced{ = 1) and we have

arctan Tit1 + Mit1Yit1 _arctan i + miy; (yi — maz;)
\/1 +mI + (Vi1 — Mip1Tis)? \/1 +mi + (yi — myws)? \/1 +mi + (mizi — y3)?
(39)
which matches the formula developed from Green’s theorem—but where is the second term? Recall the
development in the section thus far has assumed that the the edge on the image plane is not vertical.
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5.1 \Vertical edges

Suppose now that the edge joinifg;, v;, 1) and(z;+1, yi+1, 1) is vertical. In this case, the line equation is
simply x = x; or x = x;41 and the expression feps +; reduces to

ST;
COs7Y; = ———— (40)
V14 a?
wheres = sgn(y;+1 — v;), and the edge angle becomes
Yit1 Yi
Bi = s | arctan ——— — arctan — | . 41
V1+22, 1+ a2

Again thes signs cancel in the product.

While equation (41) matches the first term in the expression faFtimethe Green’s Theorem evaluation,
there is a problem, because that summagérdudedvertical edges. Yet the previous equation shows that
vertical edges have a definite contributioia Lambert’s summation. This can be reconciled by adding the

arctan Yitl (42)

terms
L Yi Tt
Vl—i—a:? Vl—i—a:? ,/1—1—3:?“ \/1+x%+1

to the Lambert term for each non-vertical edge. The terms telescope for adjacent non-vertical edges, so if the
summation excludes vertical edges the required terms for the vertical edges will remain in the summation.
It is left to the reader to verify that this does indeed produce exactly the same formula as the one developed
directly from Green’s Theorem.

arctan

5.2 Remarks

The results in this section show how the terms of the image plane formula correspond to the equivalent terms
which are obtained from Lambert’s formula. This correspondence will be exploited in the next section, to
merge the expressions obtained from the sphere formula to vertices and edges “at infinity” in the image
plane.

6 The Projective Plane

A restriction of the the image plane formula developed in Section 2 is that it requires the polygon to lie
strictly above the receiver plane (thg-plane), whereas Lambert's formula allows the polygon to have
vertices or edges actually on the receiver plane. A polygon having a vertex or an edge on the receiver plane
will project to an unbounded polygon on the image plane, as illustrated in Figure 9. When a single vertex
lies on the receiver plane, the projected polygon has a vertex “at infinity”; when an edge lies on the receiver
plane, the projected polygon has an edge “at infinity”. In this section we shall augment the image plane
formula to handle such unbounded polygons, by working in the real projective plane [8].

The projective plane arises naturally from the perspective projection used in Section 2. fepgint)
in space withz # 0 projects to the poinfz/z,y/z,1) on the image plane. Points on the-plane do not
project to the image plane, rather they projegbdints at infinity

In fact, the image plane we have used, the plane parallel tagk@ane one unit above, matches the
homogeneous representation of the projective plane. Points on the projective plane afeneéhperints,
represented ale, y, 1) or points at infinity which are represented és, b,0); any nonzero multiple of a
point at infinity is the same point at infinity.
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The projective plane is not a vector space, but a vector can be defined as the difference of any two finite
points, thus having the form foritu, b,0). A vector represents a direction on the finite plane in a manner
similar to a point at infinity, with one important difference. Without giving formal definitions, a vector and
a point at infinity differ in that a negative multiple of a point at infinity results in the same point, while such
a multiple reverses the direction of a vector. For this reason, we shall refer to the direction of a vector as a
signed directionand a point at infinity as projective direction

6.1 Reformulation on the Finite Plane

The vertex-based formulation works on the finite projective plane (which excludes points at infinity) in the
same manner as in Section 2. However, it is more natural to replace the edge slopes with projective direc-
tions. A line with slopen, regardless of its position on the finite plane, intersects the unique point at infinity
(1,m,0); a vertical line intersect§), 1,0). The slope of a line may therefore be generally represented by
the point at infinity(a, b,0) where, for a line with finite sloper = a/b and for a vertical line we use= 0,
b=1.

For a non-vertical edge, replacimg with b/a in equation produces

az + by arctan ay — bz
Va2 + b + (br — ay)? Va2 + b + (br — ay)?

(43)

which not only becomes more symmetric, but reduces immediately to equation (41) for a vertical edge.
Using projective directions rather than the slopes of the incoming and outgoing edges thus results in a
cleaner formulation. It is worth stating the formulation specifically:

n

M Z ~ a
I= o i_1 F(xi,yi,ai1,bi-1) — F(xq, yi, a4, b;). (44)
where +b b
N azx + by ay — or
F ) ) 7b = t 45
(2,y,0,0) Va? + b + (br — ay)? arctan Va2 + b + (br — ay)? )

and(a;, b;) is the projective direction of edge Equation (44) provides an alternative to the original image
plane formula (8) that eliminates the extra condition for vertical edges. Also the projective directions of the
edges are easy to compute;, b;) = (z;11 — =i, yi+1 — yi), and any multiple of this direction, including a
negative multiple, remains valid.

6.2 \Vertices at Infinity

The primary goal is to develop a vertex-based formula which works on the polygon in the space in its natural
representation without referring to the original polygon. In this case the natural representation of a projective
polygon is it terms of projective points. At first glance, it might appear that because the projective direction
of an edge going to infinity is identical to that point at infinity the formula would be simpler still, but this is
not the case. As we shall see, gigneddirection of the edges incident on an infinite vertex are needed for
a vertex at infinity.

For a concrete example, consider the term for a vertical edge

T Yi+1 Yi
—— |arctan ———— — arctan —| .
\/1‘1‘1‘,’ \/1+£Ci+1 \/1‘1’1‘,’

The first term approaches/2 asy;.1 approaches infinity, but 7 /2 asy; .1 approaches negative infinity.
However, in both cases the vertex at infinity is represente(bl) = (0, —1) in the projective plane, and
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Figure 9: (a)A vertex that lies on the receiver plane projects to a vertex at infinity on the projective plane,
resulting in an unbounded polygon with parallel edges approaching infiflyThe projected polygon in

a disc representation of the projective plane. The edges are contained in lines which meet at diametrically
opposite points; these two points together are the single point at inf{ig)tyAn edge on the receiver plane
projects to an edge at infinity on the projective plane, resulting in two non-parallel edges which go to infinity.
(d) The infinite edge represented in the projective plane.

(b)
A/ @
(d)

if only the vertex and the incoming direction is used to represent the vertex, there is no way to distinguish
the sign of ther/2 term.

The local characterization of a vertex at infinity therefore requires a signed diréatiéy0) (which
without the direction is also the point at infinity on which the vertex lies) and an arbitrary @@inyin, zin)
and(zout, Yout, Zous) ON €ach incident edge. Either point may be a point at infinity. A finite vertex requires
only a projective (unsigned) direction, and the position of the vertex itself provides the point on the edge.

Now consider the case of an edge terminating at a vertex at infinity. The characterization of the incoming
edge at the vertex requires an arbitrary (finite) point on the éggeyn, 1) and a signed directiofu, b, 0).

As we have seen, the term for the incoming edge is the product ebtheterm and the angle measured
from the near point on the line containing the edge. The former is computed as in Equation (23), while the
latter is the limiting valuer /2—the sign is always positive for an incoming edge. For an outgoing edge, the
cosine term is the same, but the angular term is alwayg2. Note that because of this tleterms from
Section 5 do not cancel and it is therefore necessary to use a signed direction for the edge.

6.3 Edges at Infinity

The case of an edge at infinity corresponds to an edge on the equator of the sphere. The cosine of the edge
angle is always 1, and the angular size can be computed in a manner analogous to the longitude subtraction
which we did on the sphere. There is a topological problem, however; an infinite edge in the projective
plane is not well represented by a circular arc, rather it is a pair of antipodal arcs. This is not a problem if we
assume each infinite edge comes from a real polygonal edge, and thus cannot span more than a semi-circle in
this representation. The angle of the edge is the difference of the angle each endpoint makes with the point
at infinity (0, 1, 0): the contribution of an incoming edge at infinity e, y, 0) is the anglearctan(z/y), for
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an outgoing edge, it is the negative.

Again, we have the problem with an edge at infinity which crosses the phifif0); in this case an
extra correction ofr must be added. Again, if we measure the angles from the edge vector of the polygon
the correction can be avoided; this is done in the next subsection.

Combining the expressions for vertices and edges at infinity with the finite edge formulations of the
previous section we obtain a complete formula for polygons on the image plane, including unbounded
polygons. All the terms are collected in Figure 6.4. Notice we have not attempted to unify the terms for the
various cases into a single expression.

6.4 Formulation in Homogeneous Coordinates

The development in the previous subsection developed a vertex-based formula for irradiance from a polygon
situated and represented in the real projective plane without referring to the original polygon. An argument
could be made that the projective plane is not the proper setting for computing irradiance, because antipodal
points at infinity are most definitely not the same point; the fact that the signed direction for points at infinity
was needed exemplifies this. In this section we amend the formula so that it applies to the homogeneous
coordinates of the projected polygon. The principal difference is that we omit points at infinity outright and
simply use the coordinates of vertices which line on the receiver plane directly.

Consider the vertices of the projected polygBhin homogeneous image plane coordinates. We make
the assumption that vertices which lie on the receiver pla@ewith z-coordinate 0, remain unaffected by
the perspective projection. The polygon vertices are then of the foy;, z;) wherez; is either O or 1.

Each edge has a direction vector. The edge joining two finite vertices has diréctigan— z;, y;+1 —

i, 0), the vector difference on the image plane. For the edge joining two vertices at irifeitwo vertices

on the receiver plane, we use the same vector. The direction of an edge going to a vertex at infinity is simply
that vertex at infinity(z;, y;, 0), and the negative for an edge leaving a vertex at infinity. Again, to properly
specify the “local behavior” of an edge going to (or coming from) a vertex at infinity we require an arbitrary
point on the edge.

We previously assumed that each vertex of the projective polygon is either a finite point or a point at
infinity. That is, points at infinity did not have a direction. In the homogeneous representation, a vertex at
infinity has the coordinates of the vertex on the receiver plane, and as such has a definite direction (that is,
a negative multiple of the point produces a vertex in the opposite direction—again, on the projective plane
these points are the same.) So rather than using a signed direction of the edge going to a point at infinity, we
can use the homogeneous point itself.

To measure the angular span of an edge at infinity, we shall measure against the edge vector on the
receiver plane—this eliminates the need foriteorrection in the previous section. We have, as in Section 5

s 0)-(a;. b 0
ei,l —  arccos (xuyu )(au i )
Vad+ ol Ja? + 5

s a;T; + biyi
= — —arctan ———
2 |biz; — a;yi

where(z;, y;, 0) is either point on the edge ard;, b;, 0) is the direction of the edge. The term for the edge
is therefore
a;Tit1 + biyit1 a;T; + by;
—arctan ——
|biit1 — @iyt |biz; — aiyi
This naturally leads to a vertex-based expression, where the edge (gcter0) is replaced by the appro-
priate incoming or outgoing edge direction vector. Figure 6.4 contains a complete list and description of all
the terms.

(46)

arctan
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incoming edge outgoing edge
edge C(ainy — bipz) arctan [C(ainz + biny)] | —C(aouty — boutz) arctan [C(aout T + bouty)]
vertical edge Az arctan(Ay) — Az arctan(Ay)

o T T
vertex at Inflnlty 5 C(ainyin - binivin) _5 C(aoutyout - boutivout)
edge at infinity arctan — — arctan —
) )
Where ) )
A=

Vitaz?’ C_\/a2+b2+(bx—ay)2

The terms for the vertical edges are redundant but included for completeness. Each projective vertex is a finite vertex
or point at infinity, each is of the forrfic, y, 0). Each incident edge has a signed direcijeyb, 0). Thez;, andy,

values in the terms for a vertex at infinity are arbitrary points on the incoming edge; the “out” values are those of the
outgoing edge. A correction af must be added if an edge at infinity croséed), 0). The irradiance is the sum of the

terms and the correction scaled g/ 2.

Figure 10: Terms for the vertex-based irradiance formulated in the projective plane.

incoming edge outgoing edge
edge C(ainy — binz) arctan [C'(ainz + biny)] | —C(aouty — boutz) arctan [C'(aousz + bouty)]
vertical edge Az arctan(Ay) — Az arctan(Ay)

o T v
vertex at infinity 3 C(xYin — YTin) ) C(zyin — YTout)
edge at infinity arctan M — arctan M
|binx - ainy| |b0ut$ - aouty|
Where . )
A=

S C =
V14 z? Va2 + b2 + (bz — ay)?

The terms for the vertical edges are redundant but included for completeness. Each homogeneous vertex is a either
finite vertex of the form(z, y, 1) or a vertex at infinity of the fornfz, y, 0), in image plane coordinates. Each incident

edge has an unsigned directi@n b, 0). Thez;,, andy;, values in the terms for a vertex at infinity are arbitrary points

on the incoming edge; the “out” values are those of the outgoing edge. The irradiance is the sum of the terms scaled
by M /2.

Figure 11: Terms for the vertex-based irradiance formulated in homogeneous coordinates.
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7 Conclusion

This report has detailed several vertex-based formulas for irradiance due to a uniformly emitting polygon.
Each has advantages and disadvantages. The image plane formula from Section 2 is the simplest and per-
haps the most computationally efficient, but suffers from the restriction that the polygon is not allowed to
impinge the receiver plane. The reformulation of Lambert’s formula given by Equation (12) works without
transforming the polygon and has perhaps the cleanest formulation but does not immediately generalize to
the apparent intersection of polygons. The sphere formula of Section 4 was introduced primarily to guide
the extension of the image plane formula to unbounded polygons, and these formulas given in Section 6
have extra “ifs”. We hope the vertex-based formulations for irradiance developed here will provide a useful
alternative to Lambert’s formula.
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