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This paper proposes a technique for the design of reflector shapes from prescribed optical
properties (far field radiance distribution) and geometrical constraints, which is of high
importance in the field of Lighting Engineering, more specifically for Luminaire Design.
The reflector shape to be found is just a part of a set of pieces of what is known in light-
ing engineering as an optical set, and is composed of a lamp (light source), a reflector,
a holding case and a glass that protects the system from dust and other environmental
phenomena. Thus, we aim at the design and development of a system capable of gen-
erating a reflector shape in a way such that the optical set emits a given, user defined,
far field radiance distribution. This problem can be put in the mathematical context
of inverse problems, which refer to all the problems where, contrary to what happens
with traditional direct problems, several aspects of the scene are unknown. Then, the
algorithm is allowed to work backwards to establish the missing parameters. In order to
do so, light propagation inside and outside the optical set must be computed and the
resulting radiance distribution compared to the desired one. Finally, constraints on the
shape imposed by industry needs must be taken into account, bounding the set of possi-
ble shape definitions. The general approach taken is based on a minimization procedure
on the space of possible reflector shapes. The algorithm moves towards minimizing the
distance, in the I? metric, between the resulting illumination far from the reflector and
a prescribed, ideal optical radiance distribution specified at the far field by the user.
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1. Introduction

Finding the surface shape of a reflector from a given set of required optical prop-
erties and physical constraints is of high importance in the field of Lighting En-
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gineering (see 1°, 24 and ¢ for an introduction to the subject). In this field, most
of the effort is spent in building a reflector and testing it, perhaps by simulating
its optical properties as a whole, but more often by building a physical prototype
of the reflector where measurements are carried out, discarding it if it does not
match the specifications, building another, testing it again, and so on. This process
is extremely expensive and time-consuming.

Some tools have been developed to face the problem of reflector shape design
for lighting engineering, but, in general, they follow the build-test-restart principle
used by traditional engineering ' 2 11 which is an extremely costly and painful
process, even with the fact that traditional designers already have a reasonably
good idea of what the final reflector shape will be.

In this paper we present a fully automated solution for this problem, widely
known to be a difficult one, specially in the theoretical and numerical aspects. Thus,
although at this moment our solution is slow (it takes in the order of days), we aim
at showing the feasibility of such computations, in the sense that our algorithm is
already able to be used in the industry, lowering current production costs in terms
of time and money. As future work, we point out several ways of improving the
performance.

The paper is organized as follows: In Section 2 we present the previous work
done in the field so far, and compare it against our solution. In Section 3 we give
the problem formulation, and in Section 4 we make an overview of the proposed
solution. In Section 5 we discuss the choice of the representation for the outgoing
radiance (the radiance that goes out of the system). In Section 6 we present surface
representation alternatives, Section 7 explains the light simulation step, and in
Section 8, we present and discuss various possible optimization strategies 8. In
Section 9 the implementation details are described, we present our results and
conclusions in Section 10 and finally Section 11 presents future work.

2. Related Previous Work

The central problem of the paper can be put in the context of inverse problems.
In illumination simulation, inverse problems are those where we know the effect of
the illumination and we have to compute some of the parameters that produce this
effect. These include problems such as:

e Light source positions and their orientations 33 3%, where the objective is

to find the locations of known light sources in order to achieve a desired
illumination.

e Luminaire emittance 4! 23 20 29 40

, where the emittances of already placed
light sources are computed to obtain a desired illumination on some surfaces
that define the scene.

e Surface characteristics of some relevant surface elements 34, that is, finding
the parameters of Bidirectional Reflection Distribution Functions on pre-
scribed surfaces of the scene 2° 40 2 17 to produce the desired effects in the
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environment.

e The shape or position and orientation of the reflectors in the scene
14

14513

One common characteristic of this kind of problems is that, in general, we know
in advance the desired effect of the illumination at some regions of the scene (their
final radiance distribution). Then, the algorithm has to work backwards to establish
the missing parameters. For a recent survey on inverse problems in rendering, refer
to 32,

Fortunately, it has been shown * that the general problem of finding the reflec-
tor shape, given the illumination distribution in a general scene, can be strongly
simplified. This simplification proceeds in a first step by reformulating the problem
to the one that results from the inverse propagation of requirements, backwards
from the specified surfaces to an enclosure surrounding the reflector. As a result
an outgoing spatial radiance distribution for the sources is obtained. In this way,
the problem of finding the reflector shape from the light distribution in the sur-
faces of a scene can be simplified to find the shape from the required outgoing light
distribution from the optical set (reflector, bulb and diffusor).

In this paper we present a solution to the problem of finding the shape of a
reflector given the outgoing radiance distribution that should emanate from the
resulting optical set, without diffusor, as seen at the far field region, i.e.: large
distances from the optical set. Our solution differs from previous approaches in:

o the type of surface used to define the reflector shape (a regular grid of
heights instead of a bicubic b-spline ¢ ?8) that gives more flexibility in the
range of achievable surfaces (although introducing C° continuity on the
edges joining triangles).

e the generality of the light propagation simulation step which, in our case,
is based on the well known Monte Carlo Light Tracing algorithm that can
handle all sorts of Bidirectional Reflection Distribution Functions.

e handling interreflections in an efficient and natural way. Traditional ap-
proaches work without taking interreflections or general BRDFs into ac-
count 25 28 16

e the global strategy used for obtaining the desired reflector surface.

3. Problem Formulation

The reflector shape to be found is just a piece of a set called in lighting engineering
an optical set, which consists of a light bulb, the reflector and the diffusor (Figure
1). The reflector has a border, contained in a plane, that limits its shape, as seen in
Figure 1. In general, a reflector must fit inside a holding case, so its shape cannot be
lower at any point than the plane defined by the border nor higher than a certain
threshold defined by the case. We can say that the case defines a bounding box for
the reflector.
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Fig. 1. An Optical Set.

Many luminaires incorporate semi-specular reflectors and refractive optics that
require physical BRDF measurement and advanced ray-tracing support for repeti-
tively structured optics such as prismatic diffusers, but our objective in the present
work is aimed towards the simplest configuration for an optical set, consisting of a
light bulb and a reflector surface, which is a common configuration for illumination
settings at streets, tunnels and general open spaces, besides other cases.

In view of the simplification mentioned in the previous Section to the problem
of finding the shape of a reflector from the specification of lighting on the surfaces
of a generic scene, we can focus our efforts on the following problem:

Given the outgoing radiance distribution of a light bulb and a reflector border,
and given a desired optical set-outgoing radiance distribution, find the correspond-
ing shape for the reflector. Do this up to a user-defined tolerance.

The following constraints are imposed on the surface shape to be built:

(1) The shape must satisfy certain constructive constraints that amount to requir-
ing that the shape of the reflector be the graph of a function with respect to
the plane of the reflector’s border.

(2) The resulting shape must exactly fit the given border.

(3) The shape cannot be lower than the border plane (2 = 0), or higher than a
certain maximum height (it must fit inside the case).

4. Overview of the Proposed Method

Our solution approach starts by reformulating the problem in the following manner:
in an iterative procedure, minimize the distance between the outgoing radiance
distribution of the current reflector, OutRad(n), and the desired (user specified)
outgoing radiance distribution, OutRad j,g;..q (see Figure 2), where 7 is a vector
of dimension n (i.e.: n € ") and defines the shape of the reflector (Figure 3). Each
representation interprets it as needed: e.g. splines see it as a bidimensional array of
control points, while height fields use them as an array of surface points.
We define a function f(n) :: " — R of the form
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Fig. 2. An example of a real Outgoing Radiance Distribution.

Fig. 3. An example of a reflector in our representation.

f(n) = dist(OutRad(n), OutRad j,gired)

The function dist can be naturally defined in terms of a norm in the space of
outgoing radiance distributions, as dist(X,Y) = || X — Y|, where, || - || is some
properly defined norm. Our objective will be to minimize the function f.

Basically, the algorithm works “around” the chosen starting reflector by gener-
ating a family of new ones by iteratively moving each original vertex. Those new
reflectors are evaluated and the ones with errors close to the one with the best error
so far are averaged to obtain a final one. Actually, “close” in this context refers to all
reflectors whose evaluation gave a value with a variance that superposes with the
error and the variance of the best one. Once this new reflector is generated, and if
the user-defined tolerance has not been achieved yet, the algorithm proceeds by re-
fining the surface by adding new vertices, and restarts the brute-force optimization
loop mentioned above.

To evaluate the OutRad(n) function, we consider the optical set formed by the
reflector 7 and the light bulb. Each time the evaluation of OutRad(n) is required,
two steps are undertaken: first, generate a surface with the shape specified by 7.
Then, simulate light transport in this reflector shape.

5. Choice of Outgoing Radiance Representation

In general, the information provided by bulb manufacturers or optical set manufac-
turers is based on the supposition that the size of the bulb is negligible with respect
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Ideal Objective: m
Initial /\
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Fig. 4. Overall schema of the optimization procedure. A family of reflectors is generated, and
the better ones with superposed variance bars are averaged to obtain the one used at the next
iteration.

Average

/N

Fig. 5. The theoretical domain of outgoing radiance representations.

to the reflector (which is not always the case), and that the final measures on the
resulting optical set are taken at a distance that is large compared to the physical
dimensions of the set. This allows to make an approximation identical to the one
used by Blinn and Newell for Environment Maps 2, where the origin of the rays is
neglected and only their direction is used to index the radiance representation.

As already noted, those outgoing radiance distributions must be discretized in
order to be manageable by a computer. That discretization should be done both
in the spatial and angular (directional) variables. Since the former were considered
negligible, it is only necessary to discretize into a finite set of directions, further
simplifying our radiance representation.

We choose to use the C' — «y coordinate system 6 as our discrete representation
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Fig. 6. The C — v coordinate system.

for the outgoing radiance distributions, because it represents a standard in the
lighting engineering industry. This coordinate system is depicted in Figure 6. It is
worth mentioning that the C' —~y representation is equivalent to any other spherical
coordinate system (see 7 Section 10.1.4, General Luminaries). As we can see, the
C — v representation is an angular representation given by two angles, ¢ and ~
(ceCCl0,2n],y€ T C0,n]).

It is easy to see that there is a correspondence between the C' —«y representation
and the space R°*¢ of real matrices s x t, with s = Size(C) and t = Size(T), see
Section 9 for details on the implementation. Actually, it is a common practice in the
lighting engineering jargon to refer to them as C' —~ matrices. From now on, and in
virtue of the mentioned correspondence, we will use interchangeably both matrix
notation and the more formal (and correct) CT notation. This allows us to say that
OutRad(n) can be modelled by the discretized version OutR(n), which receives
the parameter ) that defines a reflector surface, and outputs a C' — v matrix for
outgoing radiance distribution, see Figure 7. In this way, each entry of the OutR(n)
matrix is the intensity going in the ij-th direction with a subtended solid angle w%.

Y
0 c o @ o ° e 0 o
30 .... ~ ...'
P ....o .....
¢« o o e
90‘ C
0 30 60 9 .. 360

Fig. 7. Diagram showing a C — v matrix. Observe the degeneracy for v = 0, which we solved by
correcting the values after each manipulation.

It is important to mention that, for practical reasons in the implementation of
the light propagation algorithms described below, we have chosen to extend this
representation from the discrete set S’ to the whole sphere of directions S by per-
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Fig. 8. Extensions from the discrete C—+~ domain to a real function on the unit sphere. A)constant,
B)bi-linear, C)non-linear

forming a bilinear interpolation in the C' — - space, but this extension is performed
only in the mentioned step, without affecting the rest of the computations. It can
be argued that this would lead to inaccuracies due to the continuous nature of the
extension versus the discrete approximations performed so far, but it was found in
practice that this effect is negligible in comparison with the other approximations
and numerical factors, leading to differences two or more orders of magnitude be-
low the other magnitudes involved. Other possible non-linear extensions were tested
(See Figure 8, where three possible schemes are presented: constant, bi-linear and
non-linear extensions), such as those proposed by Neubauer et al. 2. We found that,
although all the benefits commented in those works are true, the non-linear nature
of the extensions produced artifacts in the resulting distributions that turned them
unusable for our purposes.

As file format we used a simple text file describing the number of C' (s) and
(t) angles used, then a listing of those angles (a list of s + ¢ entries) and, finally,
the listing of the s x t values for the respective intensities in the corresponding
directions (evaluated by the associated ¢ and v angles).

5.1. Choice of Distance

The distance metric we have used for our outgoing radiance representation is the
well known 12 norm. Since we are using the C' — 7 representation for outgoing
radiances, we therefore take the error to be given by

- 1/2
Errora(n) = (Z w”|OutR(n)" — OUthesiredP) (1)

ij

i.e. summing the module squared of the difference between matrix entries, where
the sum over indices ij must be understood over the two angular indices in the
C — « representation, i € [0,s], j € [0,#] and w¥ is the solid angle subtended by
the ij-th entry of the C' — v matrix.
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Fig. 9. Lattice Border and Optimizable points.

6. Shape Representation

The choice for the representation of the shape is a very difficult one, since any
specific shape representation scheme has limitations to model free-form surfaces.
All possibilities involve, one way or the other, some sort of restriction on the shapes
that could be built. For example, there are real reflectors that present only C°
continuity along a section of the reflector along its main axis ', while others present
perfect continuity, at least to third degree.

We choose to implement the regular grid representation scheme because:

e An accurate template or tool to build a physical reflector from the resulting
data can easily be made 6.

e The overall convergence and stability of the algorithm can be easily tested.

e The routines for border matching are very simple: Only the grid points inside
the border are available for optimization (the ones marked with dots in Figure
9). When assembling the surface, the polygons that join the grid points that
define the surface in the interior of the border with the border itself are created,
making a polygonal approximation to the originally given border, see Figure
10. In order to do this, the border is intersected with the grid lines and the
intersection points (marked with circles in Figure 10) are used to build the
polygons. Those polygons are created following a pattern like the one shown in
the Figure.

On the other hand, regular grid representations present the following disadvan-
tages

e (Y continuity at all the triangle lines in Figure 10, that are all over the surface.

e To be flexible to adapt to the illumination requirements imposed by the
OutRadgesireq radiance distribution, the surface built this way needs many
vertices, which increases computing times.

e A fine grid is needed to achieve the smoothness needed to achieve the manu-
facturing standards of the industry.

Our current implementation naturally verifies constraints of type 1 and 2 enu-
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Fig. 10. Close up of tessellated lattice border.

merated in Section 3. Constraints of type 3 are treated by adding them as penalizing
terms to the objective function, thus transforming the constrained problem to an
unconstrained one. The penalty imposed to the objective function is the square
of the constraint violation. In this way inequality constraints are handled through
a penalty function that “turns on” when the constraint is not satisfied. For ex-
ample, the inequality constraint given by (GridVertex; < UpperBound) results
in a penalty term fo, = A;(Upper Bound — GridVertex;)? when GridVertex; is
greater than Upper Bound and zero otherwise 23, with A; being a convenient weight-
ing factor defined as a system constant with a very large number. Thus, in the final
optimization process a new error metric is used, taking into account the defined
constraints for each vertex:

Errorysea(n) = Errora(n) + Z d(fc,,GridV ertex;)
J

where d(z,vertex) is a function that returns z when vertex > UpperBound and
zero otherwise. By using this Error,seq instead of the original Errors we are able to
solve a constrained problem almost in the same way we would for an unconstrained
one.

7. The Light Simulation Step

This step has as a main objective the computation of the outgoing CT radiance
distribution from a given reflector shape. For this, several possibilities were stud-
ied, arriving to the conclusion that Monte Carlo Light Tracing is the best option:
this algorithm is, by far, the most efficient and straightforward to code, since it
propagates the radiance from the light sources to the rest of the optical set 22. In
this method, each fired ray contributes to the final result and there are no lost
rays. Light rays are sampled at the light source according to its energy distribution
per solid angle, shooting more rays where more light is emitted. Thus, we get an
optimal usage of the computational effort of tracing rays, since each ray propagates
from the light source and each of them contributes significantly to the final result,
which in turn results in several orders of magnitude less rays (and less computing
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Secondary (virtual) Light Bulb

! \ Reflector

Fig. 11. Picture of our approximate but fast light propagation test algorithm.

time) to achieve the same accuracy and guarantee a variance small enough to make
the results reliable. It is important to take into account that the Light Tracing algo-
rithm was developed with extended, non-isotropic light sources in mind, uniformly
sampling locations over the light bulb surface. Thus, although all our experiments
were done with point light sources, our algorithms should perform equally well on
lamp photometric data provided by near-field goniophotometers (see 3°).

Unfortunately, such a method requires too many samples to limit the variance, so
we also implemented for our tests a second light simulation algorithm that sacrifices
accuracy through some approximations to gain speed.

This specifically-tailored algorithm is based on the following hypothesis:

Perfect Specular surfaces. No attenuation computed in the BRDF.

No attenuations due to propagation.

No visibility computations are performed.

As a consequence, no interreflecions are computed.

C — ~’s computed at infinity, so the origin of rays is not taken into account.
Polygonal approximation for the reflector surface.

Isotropic point light source located at the origin

With all these assumptions and simplifications, a fast, specific light propagation
algorithm can be developed, which is fast enough for us to test our optimization
strategies (see Section 8) without losing the main properties of the function to
evaluate, see figure 11.

Our algorithms were tested with both methods, showing the same convergence
properties in both cases.

8. Optimization strategy chosen

In this section we will describe the optimization strategy developed. The highly
nonlinear nature of the function to optimize must be taken into account, as well
as the fact that it is plagued with local minima hiding the global minimum we are
searching for.

There are various possible optimization strategies available, some enforcing the
local properties of the search (with the risk of converging to a local minimum), and
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others performing a global search. Among the first kind of optimizers, we tried the
nonlinear Conjugate Gradients method 2642 and Powell’s method 3¢; we tested the
Simulated Annealing method 3® for the second kind. They were chosen because of
their well-known convergence properties and their stability for tough problems 8.

8.1. Classic strategies behavior

By close examination of the function shape, we observed some very important
features:

e There is, at least in lower dimension problems (up to four vertices to optimize),
a clear global minimum surrounded by many local minima.

e An extremely high coupling among the different degrees of freedom (i.e.: the
vertices of the reflector, see above) is present.

The first of these two facts, and the properties of Monte Carlo computations
(Monte Carlo evaluation of the radiance distribution is noisy in its nature, lowering
its variance as the number of used samples increases. See Section 7), preclude the use
of local descent methods like Powell’s or Conjugate Gradients 36. This is specially
true for the last one, where the noisy Monte Carlo method makes the computa-
tion of derivatives either meaningless or, if an appropriate strategy for computing
derivatives is used 37, too costly to be affordable. This is so by the impossibility of
accurately computing small variations of the reflector parameters, which obviously
excludes the computation of derivatives.

And, because of the high coupling among the different degrees of freedom by
the highly non-linear shape of the function to optimize, the optimization cannot be
done by taking subsets of the vertices. It is an “all or nothing” situation.

8.2. Foundations

C

Fig. 12. Diagram showing a vertex influence region, A;. Bigger dots mean greater difference values.

It will be useful to introduce a new C' — v matrix A; whose jk-th element is
defined by:

AJ* = |OutR* (1)) — OutRI* (11| (2)

where 7 is the vector defining the reflector shape and 1’ the modified vector whose
components are (1'); = (1); + %€, with &} the Kronecker delta, € is a small distance
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(in our case, it was set to 5 millimeters, see Section 9). It is important to mention
that A; represents the i-th vertex differential influence on the output C' — T' (see
Figure 12), which shows us the regions on the C' — I matrix affected by the i-th
vertex given its current position.

We can sort the different vertices according to the degree of “wrongness” they
show. This deviation from the desired position can be measured by comparing
the desired radiance distribution with the current one, and studying the overlap
between this and the different vertex influence regions. So, we can define the D
C — v distribution whose jk-th element is defined by:

Dk = |OlltRjk (7}) - OUthzsired| (3)

which shows the difference between the current C' — v distribution and the desired
one, and enables us to classify the vertices accordingly to their “status”, which is a
computation of the superposition of the A; and the D C — v distributions weighted
by the subtended angles. Its elements are defined by (see Figure 13):

Status; = ijkAkajk 4)
ik
with A; the differential region of influence of the i-th vertex on the resulting C' —y

distribution, as defined in Equation 2. It is important to observe that Status; > 0,
as the A; and D are matrices of positive elements.

v
e 0 o
o@o .
-...'
T D Y
[}
o @ o
« @ o
’y o ° °
..a. i C
c 00 [ J

Y

Fig. 13. Drawing of the superposition between D and A;, as defined in equation 2 and following.

It is very important to mention that, because of the far-field approximation used
so far, any measure, and specially the Error,s.q defined in Equation 1, would be
more sensitive to changes in reflector shape than in particular vertex deviations. So,
if the overall reflector shape is right, the error would be low disregarding how far
each particular vertex could be from the desired position in the desired reflector.
Thus, Status; would provide an ordering for the different vertices that gives prece-
dence to reflector shape over final position of the vertices, so it should be taken as
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Measured as better Desired Measured as worse

Fig. 14. Reflector measurements: when the middle one is taken as reference, the left one gives
lower error than the right one, which has all its vertices more or less in their right places.

a relative measure of deviation, more than an absolute indicator of each vertex’s
positional error. That is, it is useful to indicate regions of wrong shape, and not
individual vertex position deviations (see Figure 14).

The general idea behind the algorithm is to sort the vertices V; according to their
Status; and then optimize them with a global optimization algorithm. We cannot
take a subset of the vertices because of the high overlap (correlation) among them.

8.3. Algorithm description
The algorithm developed can be simply described as:

Reflector := create a low-res reflector
while (not converged) and (not userDefinedStop)
FreeVertexList := all vertices in Reflector
WrappedRefl := wrap(Reflector, FreeVertexList)
while (not converged) and
(FreeVertexList is not empty)
addVertices(WrappedRefl, FreeVertexList)
optimize (WrappedRefl)
if (not converged)
increaseResolution(Reflector)

We start with a low dimensional reflector (generally, a 2 x 4 reflector, but when
taking into account symmetry factors, only 4 vertices remain), and try to opti-
mize its shape. In order to alleviate the quadratic nature of the change in reflector
resolution (number of vertices to optimize), and also to allow a more progressive
reduction of the error distance, we introduce a wrapping scheme that allows a pro-
gressive introduction of vertices to optimize, see the following subsections.

8.3.1. Wrapping the surface

Basically, a surface wrapper is a data structure that wraps around the basic polyg-
onal surface to optimize, exposing only a few parameters to the optimization algo-
rithm. The way each of that set of shown parameters affects the underlying surface
depends on the exact wrapper definition. For example, a wrapper can expose a
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Optimization Algorithm

Wrapper

ase Surface

Fig. 15. A wrapper shows a selected set of vertices, interpolating the others.

certain region of the underlying reflector for the optimizer to focus on this area, or
it can show a selected set of vertices, interpolating the others in a way transparent
to the rest of the system. See Figure 15.

As mentioned above, a wrapping strategy was introduced both in order to avoid
a quadratic growth in the number of vertices at each iteration (see next subsection),
and to reduce the search space for the global optimization algorithm, because adding
too many vertices at one time introduces too many variables to be handled and
thus forces the algorithm to perform searches in a broader optimization space.
This strategy consists on iteratively adding only a few vertices until convergence is
achieved or a new change in resolution is needed, which occurs when there are no
vertices left to add.

We can analyze the two components of this wrapping strategy separately:

e The surface wrapper: this component consists of a basic wrapper which is ini-
tialized with the vertices optimized at the previous resolution of the reflector
(function “wrap” in the code above), and which interpolates the other vertices.
In our current implementation we are using the well known Akima polynomial
interpolator.

e The addition of new vertices: each time the surface needs more flexibility (opti-
mization has not converged with current set of vertices), new vertices are added
by sorting the already used vertices according to their Status; (see equation 4),
and choosing the N with worst values. For each of these, its surrounding ver-
tices are selected form the FreeVertexList, and the m with maximum reflector
free area coverage are added to the wrapper.

Using this strategy has a small drawback that must be taken into account: it intro-
duces a limit to the minimum achievable Error,s.q since there is a certain difference
between the unwrapped surface and the surface after wrapping is imposed. See Sec-
tion 9 for some results about this.
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8.3.2. Global Optimization Algorithm

As mentioned earlier, traditional numerical optimization algorithms fail in solv-
ing this problem due to the high coupling among the different degrees of freedom
(i-e.: the vertices of the reflector, see above), the noisy nature of the Monte Carlo
evaluation of the radiance distribution (see Section 7) and the many local minima
present in the shape of the function. Thus, we were forced to switch to a global
procedure that performs a brute-force search in a subset of the search space. At the
core of the algorithm, we conducted tests of the performance of each member of a
family of reflectors obtained by iteratively combining the addition of an increment
to each one of the vertices (see Section 9). For this to be practical, the size of this
generated family of reflectors has to be kept manageable. Obviously, the desired
accuracy given by these increments added to the vertices (trying to ensure that the
family contains at least one reflector close to the desired target), and the size of
such family are closely related.

This algorithm makes too many unnecessary computations, so a more intelligent
version was developed, which sorted the vertices according to their Status; and put
more effort where a larger error was found. This is possible as Status; can be seen
as the vertex differential influence on the difference between the actual and desired
output, but it must be remarked that this local measure of the error is only used
to give a hint to the optimization algorithm on where to put more effort and by
reducing the search space of possible reflectors to test, but the global optimization is
still guided by a global criteria, as is the Errorys.q mentioned before. The vertices
were grouped in sets and the subset of vertices with worse behavior was more finely
sampled. This can be done because Status; gives hints on the overall shape error in
a vertex neighborhood, so we bias the importance of the optimization towards those
regions that show the biggest deviations from the desired shape (see Subsection 8.2
and Figure 14).

The final search space was built from the set of  vectors {n®®*¢ + Zfil di},
with d the vector whose components are (d*); = d;k’ StepSize. The values for k/
are taken from k7 € [—kjsax,khrax], and kjs,x is the number of steps for each
degree of freedom resulting from the Status; sorting (ki, s x > ki;ax = Status; >
Status;). In this equation, nbes¢ is the parameter vector obtained in the previous
iteration.

The brute force procedure described above is not enough when taking into ac-
count the noisy nature of the Monte Carlo algorithms used in the light simula-
tion step (see Section 7), since a certain variance is associated with each eval-
uation of the OutR function. Thus, performing the brute force search and re-
taining only the best value is not right, since each evaluation has an error as-
sociated that cannot be disregarded. So, a final version of the brute force algo-
rithm was developed which deals with this situation: each time a value is com-
puted, its error is taken into account by comparing its value minus its error
with respect to the best so far plus its respective error (remember we are min-
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Fig. 16. The Optimization Algorithm: an overview.

imizing towards zero). That is, if Erroryseq(n) — ErrorAtCurrentAccuracy <
Erroryseq(best) + Error AtBest'sAccuracy, the value is kept in a list that repre-
sents all values which may improve with respect to the best so far (considering the
respective error bars). To obtain the error bars, the algorithm uses a pre-computed
table of standard deviations indexed by the number of rays used in the light simu-
lation. Finally, at the end of a Brute Force pass, the list retains a certain number
of candidates whose error bars overlap with the best’s one. To choose one, the list
is progressively filtered at higher accuracy by increasing the number of fired rays
at the light propagation computations, until only one value remains in the list or
until we have reached our maximum tolerable accuracy. In the later case, we can
consider the values as samples of the same ideal reflector, and average them to get
the final value. See Figure 16.
The code is depicted in the following algorithm:

{ Brute Force Pass }

ErrorBar := Error Bar at Current Accuracy

For each reflector R in the restricted SearchSpace
evaluate R
if (Error_used(R) - ErrorBar <=

Error_used(BestAtList) + ErrorBarForBest)
add (R, ErrorBar) to List

{ Filtering Pass }

while not at maximum accuracy
increase accuracy
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Fig. 17. Number of vertices at each iteration and resolution changes (axially symmetric reflectors).
The dotted rectangle shows the actual reflector resolutions used for optimizations.

filter List at new accuracy
return (Average reflectors in List)

Each time the algorithm runs out of new vertices to add to the wrapper and the
achieved result does not satisfy the convergence criteria, a change in the reflector
resolution is needed. This is simply performed by doubling the grid resolution in
both axes simultaneously, thus getting an overall quadratic behavior in the number
of new vertices added at the outer loop in the algorithm described above. This
brings about the need of a wrapping scheme to alleviate the effects of this growth,
as depicted in figure 17.

9. Implementation Details

The system was built in C++ on top of SIR, the rendering kernel developed at the
Universitat de Girona 3°.

With respect to the discretization used for OutRad (see Section 5), our current
implementation uses s = 34 and t = 25 (lower hemisphere only) for OutRadgesired
and s = 34, t = 50 for OutRadjamp (the whole sphere of directions).

The value for € in Equation 2 (the size each vertex 7 is moved when computing
its respective A;) was chosen to be of 5 millimeters, since choosing a value too
small introduced variations that were of magnitude comparable to the Monte Carlo
noise, and values too large produced too large variations that caused the values of
Status; to be too similar for us to use them as a classification criteria.

10. Results and Conclusions

Our algorithm was tested against a set of test problems built with simulated data,
as well as real C' — «y distributions used in industrial projects. For the former cases
an isotropic light source was used, while a real one was used for the latter. The
shapes of the test objective reflectors can be found in the left column at Figure
18. As can be seen in Table 1, it performed well for those problems, both with our
fast but inaccurate light propagation method, and with the much more precise and
general Light Tracing algorithm. Examination of this table shows that the iterations
finished with reflectors that had between 10% and 14% of the initial error, after
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Desired Reflector Final Reflector

Fig. 18. Our desired objective reflectors (left column) and the ones obtained as final result of our
optimization procedure (right column). The first row shows the starting reflector shape used in
our algorithm. This starting reflector produces the light distribution shown in figure 19, while the
distributions for the different test cases can be found in Figure 20

only two iterations of the inner loop, in the second iteration of the outer one, as
described in Section 8.

One can see the initial light distribution and the final light distribution for these
test cases in figures 19 and 20.

We also performed a test with varying BRDFs, ranging from a pure specular
to an almost diffuse surface, see Table 2. The used BRDF is the Phong Model
widely used in the Computer Graphics Rendering community, and the variations
where performed by changing the diffuse and specular weights in the model. The
first thing to notice is the rise in the variance in the function evaluations as the
BRDF goes more and more diffuse, something that was expected. The consequence
is that the more diffuse the surface, the more rays are needed to achieve a small
increase in accuracy, which leads to forbiddingly high computing times for a very
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diffuse surface. Also, for very diffuse reflectors, it makes the results of our algorithm
untrustworthy, since the variance approaches the magnitude of the function value.
In this context, we can see that it makes no sense to use any optimization algorithm
for highly diffuse surfaces, as can be seen in the last row in Table 2.

Initial FnD: Final LTR: Final | Iter.
Errorygeq | Errorygseq Errorygeq
A 18+01 0.278 £ 0.004 | 0.17 £ 0.03 | 2/2
B |22+01 0.287 £+ 0.004 | 0.19 £+ 0.03 | 2/2
C|20+£01 0.262 + 0.03 0.16 +0.03 | 2/2

Table 1. Comparative Results for several experiments. Here, FnD refers to our fast but rough
light propagation algorithm, while LTR is the full Light Tracing computation for this step. The
“Iterations” column shows the number of outer-loop/inner-loop iterations needed until convergence
was acceptable by user’s criteria.

Diff. to Initial Final ratio
Spec. Coeft. | Errorygeq | Erroryseq

0 0.25 £ 0.1 | 0.09 £ 0.09 | 2.8
0.05 0.3+0.1 0.14 £0.04 | 21
0.44 06+04 | 04+04 1.5
1 08+06 | 0.6=+0.6 1.3

Table 2. Comparative Results for different BRDFs, ranging from a pure specular one (first row) to
a diffuse one (last row). The Diffuse to Specular coefficient is the ratio between those coefficients
in a regular Phong BRDF formula.

Erroryseq(WrappedSur f)
using the unwrapped
surface as reference

A | 0.21 £0.01

B | 0.23 £ 0.01

C | 0.13 £ 0.01

Table 3. Errors introduced when wrapping a surface, measured with respect to the same surface
prior to the wrapping process (FnD).

It is important to mention that the process of wrapping a surface introduces a
limit for the maximum achievable precision, since the wrapped surface cannot be
equal to the original, however similar. In Table 3 it is possible to see the above men-
tioned limits for our test configurations in the case of our rough light propagation
method, and this values should be taken into account when setting an objective for
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Fig. 19. Initial Light Distribution on a diffuse flat surface.

optimization. For this reason we can conclude that, at the level of approximation
used, the final values in Table 1 cannot be expected to be lower than the values
shown in Table 3 and are, in this light, very acceptable.

With respect to the previous work done in the field, and to the best of our
knowledge, this is the first algorithm general enough to deal with generic BRDFs,
interreflections inside the optical set and a piecewise polygonal approximation to
the surface, thus performing any comparison with our results is difficult, if not
impossible, and probably meaningless.

From our experiments we can conclude that the presented algorithm is stable
and robust for pure specular and highly glossy reflector surfaces, while its conver-
gence diminishes as the BRDF goes diffuse. This happens because diffuse BRDFs
tend to blur the information out, making it impossible for the optimization al-
gorithms to distinguish the dominant features they are trying to determine. This
phenomenon can easily be predicted by studying the behavior of the variances for
a given BRDF with respect to the number of fired rays.

From the above, we can conclude that our objective of presenting a first feasible
algorithm able to treat the full inverse reflector design problem (general BRDFs,
Interreflections, general light bulbs, etc), and taking into account industry restric-
tions, has been achieved.

The main drawback of our current solution is its speed (execution times are
in the order of days), but ways of improving its performance are clear (see next
Section). Nevertheless, our solution in its current form is already useful for light
designers since the traditional methods take several weeks to provide a solution.

11. Future Work

An extremely promising way of restricting the search space, and thus reducing ex-
ecution time, is to involve the designer into the search process, using his knowledge
to provide guides for the search algorithm.
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C C

Desired Distributions Distributions finally obtained

Fig. 20. Desired and final light distributions for cases A, B and C (Figure 18) on a diffuse flat
surface. The right column shows the distributions obtained by our algorithm, starting with the
distribution shown in Figure 19.

We also believe that improving the speed of the light propagation step is the key
to reduce significantly the calculations. Among other possibilities for this step is the
usage of the Environment Map curved reflectors implementation 3. There, the light
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is propagated from an isotropic point light source into the environment via a curved
reflector by means of the use of a Layered Depth Cube (LDC) 26 associated with the
reflector. This LDC would be used to store the radiance coming from the reflector
into the scene and treated, in a second step, as a new, non-isotropic secondary
source. The resulting illumination would be the sum of the direct contribution
plus the contribution of all secondary sources. Other promising possibilities include
various forward radiosity approaches 7 '°, which include the works by Christensen et
al. 3 and Slussallek et al. 43 which present different representations and algorithms
for radiance calculations.

Alternatives to our Brute Force minimization method include, among others,
the well known Genetic Algorithms (GA) approach, that, along with Simulated
Annealing, are the only two widespread algorithms for global optimization of general
functions.

Several possibilities are offered for the shape definition, among which the splines

and a hierarchy of regular grid representations seem to be the most promising
alternatives. Other options include a wavelet representation, multi-resolution sur-
faces and irregular grids. It would be interesting to explore the advantages of those
methods.

Another line that should be studied is the possibility of using adaptativity in
the C' — v resolution, using a coarser resolution at the beginning, low-res reflectors,
and a finer one for later iterations. Also, adaptativity in the usage of the rendering
algorithm can be looked at: first, using our approximate but fast light propagation
algorithm, leaving for a later stage a 2nd pass with the more costly Light Path
Tracing-based algorithm.
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