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Abstract. Many optical simulators are available commercially, offering a wide range of features and covering not only
geometric but also diffractive optics and many other fields. But most of those systems are aimed at lens design and
many times inappropriate for the evaluation of mechanical movement between the different elements of the optical
system. This article presents the first steps in the development of a software tool to address the particular field of the
simulation of movable optical components, providing a tool for the analysis and optimization of those systems and their
kinematics while taking in account the optical properties of the design. The simulator implements the three dimensional
rotation and translation of plane, spherical and aspherical optical components while dealing with the propagation of
the light through the optical system. The basics of the geometric optic theory behind the simulation engine is shortly
presented together with the simulators interface and an example application, where a plane mirror is rotated in two
axes in order to steer a light beam and generate a scanning pattern in a surface. The results of the simulation include
the movement of the optical focus point of the system and the deformation of the light spot on the projection surface.
Concluding the article, the future stepsin the development of the system and the pretended features are presented.
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1. INTRODUCTION

Simulation and analysis software offer optical deers, engineers and researchers a valuable héte itesign of
optical systems. A wide range of such tools arernensially available and offer different featurest Imost of those
systems are inappropriate for the evaluation & frmvement between system components. In thideattie first steps
in the development of a tool to fulfill this deféeicy is presented, aiming at offering an easy deaigl simulation
environment while keeping the modeled elements msitained, therefore not forcing optical alignmentoptical
centralization.

The system is based on 3D ray-tracing and has &g kxoncept ideas: geometrical description ofeleenents
involved and free simulation of geometrical andicgitparameters. These concepts allow the simuaticurfaces and
rays through the optical system while the ray-tigcsolves the optical path and generates the siimnldata for the
analysis of the optical properties of the desigogtical system.

In this first development phase the use of seqakrsy-tracing was adopted because of its simplaitd efficiency
in the simulation of geometric optics. Ray-traciaga widespread technique for the design and stioualaf optical
elements and systems through the generation optitabpath in a system based on the laws of gedgenaptics. By
successively applying the laws of reflection anfdaation on the optical surfaces (lens, mirrorgser, etc.), a light ray
can be propagated from its source to its targetlamdnalysis of the optical properties carried out

The main objective behind the development of tles@nted tool is the systematic analysis of diffedesigns used
to steer light beams in systems such as confoaadestopes, laser engraving and cutting tools, etc.

The mathematical basis of the simulation tool isspnted, followed by the developed software interfand a
practical example of the analysis of the rotatidraglane mirror in two axes to steer a light beamd generate a
scanning pattern.

2. MATHEMATICAL BACKGROUND

Optical design and simulation software are usubfiged on one of three categories: sequential agjnty, non-
sequential ray tracing, and finite-difference tid@msain (FDTD) simulation (Millegt al., 2005).

Ray-tracing involves modeling the geometrical comgus of optical systems, defining the optical ertips of
these objects, approximating light sources witleational rays and then propagating these rays gfreystem models
(Spencer and Murty, 1962).

Sequential ray-tracing trace the rays created siglly, intersecting optical elements one at aetiima pre-defined
order. It is most often used to design and optirigems of lenses.

Non-sequential ray-tracing permit rays to encoustefaces in any order and any number of times aittomatic
ray splitting, allowing rays to scatter and inténaith system components as they do in realitis tiften used to model
complex optical systems in which scattering, stiglgt characteristics, coherent effects, and poédion effects must
be known and controlled.
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With the need to achieve an even greater accunadytadeal with wavelength-scale structures, cotioeal ray-
tracing starts to fail. FDTD solves Maxwell's egoat to propagate electromagnetic fields througficapstructures.
This enables the consideration of wave-optics phmama and the precise simulation of optical systems.

The developed tool utilizes the sequential rayitrgi¢echnique to deal with the optic simulation,itertusing linear
transformations for taking into account the mecbalninovement between components. A more detailedrigi¢ion of
this mathematical basis is presented.

2.1. Sequential ray-tracing

A basic optical system can be described throughréflection and refraction laws illustrated in Fiy.and to
implement those principles in the macroscopic sealetracing is a powerful tool.
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Figure 1. Reflection and refraction

Both sequential and non-sequential ray-tracingrtegtes can be summarized through the flowcharstifhied in
Fig. 2. While non-sequential ray-tracing demands determination of the next surface that the ragréect, by
sequential ray-tracing the surface sequence ispFadined.
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Figure 2. Ray-tracing flowchart

The ray-tracing tool is the basis of the simulatsystem and, together with the coordinate transdtions, builds
up the geometrical model of the system.

The first step implementing the ray-tracing tooldsdefine mathematically the involved structumes. and surface.
A ray is defined through the parametric equatioomghin Eq. (1) while a surface can be defined thloan arbitrary
function f (x,y) as in Eq. (2).
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, Where[Xo Yo Z,]’ is the origin of the ray anlda  Ya Za]’ its normalized directian
In order to enable the surfagéx,y) to move freely through the space and simulatemtbehanical movement of
the system components, its function must be reddfas:

X
§(x!y) = T(aJﬁJy!dxvdy!dz)[ y ] (3)
fxy)

, WhereT(a,ﬁ,y, dy, dy, dz) is the linear transformation responsible for théasie’s movement.

Once the basic mathematical structures are desgrthe next step is the definition of the ray-trgcioperation
illustrated in Fig. 2.

In sequential ray-tracing, the surface sequencerésietermined, so the determination of the nexfasaris
automatic. For the evaluation of the surface gepméte calculation of its intersection point cam thefined as the
solution of the vectorial equation:

T3(x,y) — #(t) = 0 (4)

As the functionf (x, y) can be any arbitrary function, the calculationasried out numerically using the Levenberg-
Marquardt algorithm (Lampton, 1997; Jacawl., 1972) to determine the parametehat minimizes the function:

2
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, whereT~*(a, B,v,d,, dy, d,) is the inverse linear transformation.
Once the intersection poi(ltp,yp,zp) is determined, the surface normal in this poimt lba calculated as:
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As the incident ray and the normal vector are naavkn, it is possible to calculate the angle betwibem as:
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, wheref,, is the angle between both vectors, #nid the rotation normal.

The final step in determining the outgoing rayhis talculation of the exit angle using the optioaldel. In this first
phase of the optical simulator, only reflection aaffaction are addressed, without any considerataf wavelength,
diffraction and other optical phenomena.

Reflection = 6, = —6;,
{Refraction = Byt = sin™1 (% sin(@in)) (8)
The outgoing ray can then be calculated as:
Xp X4
Tour(t) = | Yp | + ROT; (Opye) [yd] t 9
Zp Zq

, WhereROTy;(6,,,) is a rotation off,,,,, around the vectdr.
The whole process is then recursively repeated alh8urfaces are processed.
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It is important to notice that through considerengay as a mathematical abstraction with a poirdgrifin and a
direction, properties such as energy, polarizatind the wave nature of light are not addressedéysimulator. The
purpose of this first development is the creatibthe 3D geometrical basis upon which future depelents involving
more advanced optic simulation topics will be foedd

2.2. Surface Modeling

There is a wide range of surfaces that are uséukiproduction of optical components. When dealiith rotation
symmetrical surfaces the most common are sphesphieees and planes. Those surfaces can be matbaligati
described through Eg. (10) (Schréder, 1990).

Cc(x?+y?)

— 2 2)2 2 2)3 2 2)4 2 2)5
_1+J1—(K+1)Cz(x2+y2)+K2(x +¥2)? + K3(x® + ¥%)° + Ko (x® + y?)* + Ks (x* + %) (10)

fx,y)=z

So that those surfaces are fully defined throughpiirameter€, K, K, K5, K4, Ks.
The simulator presented deals, up to now, only watation symmetrical surfaces, so that Eq. (10)stitutes the
basic model for surface representation in the apsitnulation.

3. SYSTEM OVERVIEW

The developed simulator, although in its initia@ps, offers already a powerful analysis tool fasrgetric optics. In
Fig. 3 the software tool main screen is shown.

® Optical Simulation - 30

Figure 3. Simulator main screen

The ray-tracing tool is the basis of the simulatagystem and, together with the coordinate transditions, builds
up the geometrical kernel of the system.

For the visualization of the simulation and plaftimys and surfaces a 3D interface based on theNaKE
programming library was implemented. The system d&geloped using the C/C++ programming languagethed
free compiler Bloodshed DEV C++.

4. PRACTICAL EXAMPLE

Optical beam scanners (Marshall, 1991) are useal wide range of applications from data storage lzendode
readers to confocal microscopy, industrial metrglagnd even image projectors. In each of those mystie is of
extreme importance the ability to steer the lighaim into a specific position, and for that task ¢bapling between
mechanical and optical systems plays an importaat r

A basic kinematic design for such a system is the of a single laser, a two-axis rotational planeanand a
simple aspheric objective as shown in Fig. 4.
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Figure 4. Simulation model of a 2D scanning system
As an application example of the developed tod,ahalysis of this basic architecture is carriedusing a simple
objective. The first step is the description oftak involved surfaces through its parameters (Talin order to build
the virtual system shown in Fig. 4.

Table 1. Surface parameters for the applicatiomge.

Surface Parameters
Type C K K, K; K, Ks
1 Mirror 0.0 0.0 0.0 00 | 00 | 0.0
2 Lens 0.02078511 0.0 | -1.507097E-5 | 0.0 | 0.0 | 0.0
3 Lens | -0.014463401 | 0.0 | -1.269052E-5 | 0.0 | 0.0 | 0.0
4 Screen 0.0 0.0 0.0 00| 00 | 00

The first analysis carried out is the dependencéhefscanning point movement and the rotation angfethe
scanning mirror. Figure 5 illustrates the simulatetiavior of the system. Ideally, the independeridyoth axes should
be expected, but, because of the optical aberratharit from the lens geometry, that is not achikv

¥ Scanning Y-Scanning

X-Seanning Position in mm
Y-Seanning Position in mm

¥-Scanning Angle in o Y-Scanning Angle in o
Y-Scanning Angle in o ¥-Scanning Angle in o

Figure 5. XY-scanning movement
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The second analysis carried out is the analysikenfocal length of the system. Fig. 6 illustrates dependence of
the focal length and the angle of the scanninganirit can be observed, that, as expected, thd fength of the
system changes as the scanning angles change.

Focal Lenght

in mm

Focal Lenght

¥-Scanning Angle in o - X-Scanning Angle in o

Figure 6. Focal length of the scanning system

With this data the optical system can be redesignedompensate the observed aberrations, or, isilples a
computational correction can be carried out. Eithay, the simulation data is of great importanaetie evaluation of
the designed system and the analysis of its pednca

5. CONCLUSION AND FUTURE WORK

The development of simulation tools for the desagudl analysis of optical systems is of great impmgato opto-
mechanical engineering as it facilitates the desiggtess reducing development time and costs. ftegriation of
optical and mechanical systems to produce even omrmplex systems demands the development of nelw tiwat can
address specific problems.

This paper presented the first steps in the dewsdmp of an optical simulation tool capable of deglivith free
unconstrained movement between system componbatsfare not forcing optical alignment or opticahtering.

In order to allow the free movement of surfacesulgh the 3D space a coupling between ray-traciclgniques and
linear transformations was presented and implendents mathematical background was presented tegetith a
brief description of the sequential ray-tracinghgique.

As an application example of the developed tod, dhalysis of a two-axis rotational plane mirroicombination
with a simple lens is carried out and the obtairesalilts discussed.

Future work within the development of the softwarel includes the automation of several analysisuiees and the
introduction of non-sequential ray-tracing and wap#cs, aiming at a more accurate analysis ottapsystems and at
the simulation of more complex systems. Anothetuieato be included in the system is the integratib an optical
materials database.
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