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Abstract. Concatenated backward ray mapping is an alternative for ray tracing in 2D. It is based on the
phase space description of an optical system. Phase space is the set of position and direction coordinates of
rays intersecting an optical line. The original algorithm is limited to optical systems consisting of only straight
line segments; we extend it to accommodate curved segments. The algorithm is applied to the compound
parabolic concentrator, a standard optical system that collects parallel light and reshapes it to a focused beam.
We compare the accuracy and speed of the extended algorithm to the original algorithm and Monte Carlo ray
tracing. The results show that the extended algorithm outperforms both methods.

1 Introduction

In illumination optics, the light distribution at the target of o8y

an optical system is computed using Monte Carlo (MC) 061
ray tracing. It is a procedure that follows many rays from 04r
source to target in an optical system. MC ray tracing is a 02k
slow and expensive procedure. o of

There are alternatives for computing the light distri-
bution. For example the use of inverse methods or the
concatenated backward ray mapping algorithm [1]. We
extend concatenated backward ray mapping to accommo-
date curved optical surfaces.
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Figure 1: Target PS of the target of the CPC. Each region

Concatenated backward ray mapping is based on the phase corresponds to light emitted by a surface. A region can be
space (PS) [2] description of an optical system. Phase (partially) empty.
space is the set of position and direction coordinates of
rays intersecting a surface. In 2D a surface reduces to a
line. The position coordinate p € P is the x-coordinate of i
the intersection. The direction coordinate g € Q is the sine 08l
of the angle between the ray and the surface normal. PS 06k
is indicated with § = Q X P. Source PS describes light
emitted by a surface and target PS describes light reaching
a surface. Phase spaces are partially empty; this is demon-
strated in figures 1 and 2. Non-empty regions account for
light emitted by the source and following a certain path.

The phase spaces of the optical system are connected
through maps that relate the coordinates on every PS. 061
Propagation maps relate the coordinates of the source and 08
the target PS of two different surfaces. Reflection maps re- -1
late the coordinates of the target and the source PS of the ST T
same surface. All paths can be described as a concatena-
tion of these maps. Figure 2: Points located on the boundaries of the non-
empty regions in the target PS of the target of the CPC.
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Figure 3: The CPC. Each line of the system is labeled with
anumber. The source is line 1, the reflectors are lines 2 and
3, and the target is line 4.

3 Concatenated Backward Ray Mapping

The light intensity at the target along a given direction p =
const is computed by integration of the target luminance.
Assuming a Lambertian source [1, 2] reduces the problem
to computing the boundaries of the PS regions for which
the luminance is non-zero.

The target intensity is computed recursively starting
in the target PS of the target. The line p = const in-
tersects different regions in PS. Each intersection inter-
val corresponds to rays emitted by another surface. The
endpoints of each interval are traced back to the target PS
of those surfaces using the inverse of the maps that relate
them. This recursion continues for each interval until the
source is found, then the endpoints of the source interval
are traced to the target. This gives two points at the bound-
ary of a region in the target PS of the target with positive
luminance.

4 Extended Algorithm

Concatenated backward ray mapping is limited to opti-
cal systems consisting of only straight line segments. We
extend the algorithm to accommodate curved segments.
When a parallel beam reflects on a curved segment it is no
longer parallel. In phase space this means it is no longer
represented by a line p = const but by some curve C for
which we have no analytical expression. We take a dis-
crete set of points on C and apply the algorithm to that.

The extended algorithm explores the PS for the dis-
crete curve C. We find for each PS region the intersection
points with C. Intersection intervals again correspond to
rays emitted by another surface. Each intersection seg-
ment is recursively traced to the source as in the original
algorithm. When the source is found the points of the in-
terval are traced back to the target. The endpoints of the
interval are on the boundary of a region in the target PS of
the target with positive luminance.

5 Compound Parabolic Concentrator

We apply the extended algorithm to the compound
parabolic concentrator (CPC) [3]. The CPC is a standard
optical system that collects light from a Lambertian source
and reshapes it to a focused beam. The system consists of
an aperture, a receiver and two reflectors; the reflectors are
segments of parabolas. We take the receiver as the light
source and the aperture as the target, as is shown in figure
3. The light distribution on the target is a block function;
all light accepted by the CPC contributes equally.

6 Results

We compare the accuracy and speed of the extended algo-
rithm to the previously introduced algorithm [1] and MC
ray tracing on the CPC. The accuracy of the algorithms is
determined by the difference between the results and a ref-
erence solution. Preliminary tests show that the extended
algorithm outperforms the other algorithms, both in accu-
racy and speed.

Figure 4 shows the light distributions computed by the
algorithms on the CPC. For the extended algorithm we al-
low a maximum of 10 reflections. The original algorithm
is applied to a discretized CPC where each reflector is re-
placed by 10 straight segments; also allowing a maximum
of 10 reflections. For MC ray tracing we trace one million
rays. One can sce in figure 4 that the extended algorithm
is closer to the reference solution then the original algo-
rithm, and that the extended algorithm does not have the
randomness of MC ray tracing.
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Figure 4: Target light distribution of the CPC.
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