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Abstract

In the domain of optical engineering, optomechatronic systems are predominantly developed using
conventional ray tracing methods such as sequential and non-sequential ray tracing. However, the
increasing complexity of these systems in combination with the demand for high efficiency and
high image quality leads to the fact that conventional methods to develop these systems reach their
limits. In order to be able to develop highly efficient systems with high image quality, this
contribution introduces a hybrid ray tracing method using an advanced optimization function.
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1. Introduction

Today, significantly more optical and optoelectronic components are integrated in many once purely
mechatronic systems, such as robots or cars. The increased application of these components has led
inevitably to an advancement of mechatronic systems to optomechatronic systems. Within the field
of optomechatronics, a distinction is also made between opto-mechatronically fused systems, optically
embedded mechatronic systems and mechatronically embedded optical systems (Cho, 2003).
Essentially, last-named are basically optical systems with integrated mechanical and electrical
components. Accordingly, the development of these systems differs substantially to the
development of pure mechatronic systems, which is described in VDI 2206 (2004). As an
established method for the development of mechatronic systems, the VV-model can only be used to a
limited extent to develop optomechatronic systems due to the increasing importance of the optical
system. Thus, for example, the optic design has to be considered in the early phase of the system
design (Ley et al., 2019). Furthermore, in addition to the domains of mechanical engineering,
electrical engineering and information technology, the development of optomechatronic systems
requires the consideration of optical engineering within the domain-specific design. Nowadays,
computer-aided ray tracing methods are used as an important tool for modelling and model analysis
in the domain of optical engineering. Ray tracing methods can be classified into sequential and non-
sequential. Both methods have advantages and disadvantages. Sequential ray tracing, for example,
allows fast optimization of the optical system, but does not provide any information about the
efficiency of the optical system, unlike non-sequential ray tracing. Conversely, non-sequential ray
tracing does not facilitate an evaluation of the sharpness and quality of an image. Even though the
development of optical systems is strongly application-oriented, in most cases it results in a
compromise between image quality and efficiency of the optical system.
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The demand for highly efficient optomechatronic systems and the absence of suitable solutions to
implement them requires the development of a methodical approach to solve this challenge. Therefore,
this contribution proposes a methodical approach which, in the domain of optical engineering, enables
modelling and model analysis to implement optical systems offering high efficiency and image quality.
The objective of the method is to implement an approach for hybrid ray tracing that ideally combines the
advantages of sequential and non-sequential ray tracing, which should not be confused with the
widespread combination of ray tracing and rasterization in the field of computational visualistics.

2. Optomechatronic systems exemplified by high-resolution
headlamps

Optomechatronics has its origin in the technological development of mechatronics and optoelectronics.
Mechatronics as synergy from the interaction of mechanical engineering, electrical engineering and
information technology is already well established in the field of engineering science. With the
support of VDI 2206 (2004), even the development of mechatronic systems is provided by a
methodology. The application of electronic components and their effects which emit, receive or
modulate electromagnetic radiation is described by the field of optoelectronics (Bobey, 2005; Martin,
2017). A typical representative of emitting devices are luminescent diodes (LEDs), which convert
electrical energy into electromagnetic radiation and emit it by the effect of electroluminescence. The
photodiode, which converts electromagnetic radiation into electrical energy using the photoconductive
effect, serves here as an example of a classical representative of receiving optoelectronic components.
Modulating components of optoelectronics include liquid crystal displays (LCDs) (Bobey, 2005).
Further elements applied these days to modulate electromagnetic radiation are liquid crystal on silicon
(LCoS) and digital micromirror arrays (DMDs). The utilization of optoelectronic components requires
the use of optical elements such as lenses, reflectors, light guides or prisms in almost all applications
in order to efficiently utilize the emitted, received or modulated radiation.

In this context, optomechatronics deriving from the fusion of optical, optoelectronic and mechatronic
technologies can be classified into the following three categories (Cho, 2003).

o Opto-mechatronically fused systems e.g. optical pressure sensors
o Optically embedded mechatronic systems e.g. robots
o Mechatronically embedded optical systems e.g. high-resolution headlamps

Opto-mechatronically fused systems are systems in which optical and mechatronic components are
functionally and structurally fused to achieve the desired system performance. It is therefore not
possible to separate the components and simultaneously maintain system performance. Optically
embedded mechatronic systems are basically mechatronic systems that integrate optical elements.
Removal or separation of the optical element reduces the performance of the system. Mechatronically
embedded optical systems generally are optical systems in which mechanical and electrical
components are integrated for alignment and control.

An example for mechatronically embedded optical systems are high-resolution headlamps (Figure 1,
left). These optomechatronic systems mainly comprise a light source, illumination optics, a spatial light
modulator and a projection optics (Figure 1, right). The spatial light modulator, as an optoelectronic
component, constitutes the central component within this system (Knochelmann et al., 2019a). It
separates the light path of the high-resolution headlamp into an illumination and projection path. In this
application example, the DMD-technology is applied to modulate the light emitted by the light source.
DMDs consist of a few hundred thousand to several million individually controllable micromirrors.
Depending on the position of the micromirrors, the light focused onto the DMD by means of the
illumination optics is reflected either onto an absorber or into the projection optics. The projection optics
then projects the image modulated by the DMD onto the road. Each micromirror thus becomes a pixel of
a high-resolution image. The principle of the DMD, based on reflection, causes the illumination and
projection paths to share the same space in front of the device. Two different architectures - telecentric
and non-telecentric - are usually preferred to separate the paths in front of the DMD-space (Texas
Instruments, 2010). The technical implementation to achieve these architectures differs. For the
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realization of a telecentric architecture, prisms, to be more precise total internal reflection prisms (TIR-
prisms), are mainly applied exploiting the phenomenon of total reflection (Figure 1, right).
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Figure 1. Left: high-resolution headlamp (Knochelmann et al., 2019b);
Right: schematic illustration of the light path (Ley and Lachmayer, 2019)

The example of the high-resolution headlamp illustrates that the optical system dominates
mechatronically embedded optical systems. However, both mechanical and electrical components are
required but not decisive for the implementation. For example, the mechanical mounting of a lens can
deviate from the planned position in order to maintain the functional implementation of the optical
system. Conversely, this is not possible because a different lens position affects the optical concept
and system efficiency. The same applies to electrical components, such as the information processing
unit for control commands to generate a light distribution adapted to the respective driving situation.
The unit for information processing is indispensable to implement an adapted light distribution, but
can be arranged both directly inside the headlamp and outside to fulfil the function.

Unlike opto-mechatronically fused or optically embedded mechatronic systems, which still can be
developed relatively well using the V-model of VDI 2206, this is only possible to a limited extent
for mechatronically embedded optical systems. Therefore, in the following an extended V-model to
develop optomechatronic systems focusing on mechatronically embedded optical systems is
introduced.

3. A V-model for optomechatronic systems

Different V-models already exist in literature (Graller et al., 2018), indicating the need for an
interdisciplinary VV-model in the field of product development (GraRler, 2017). The proposed V-model
here is a V-model for optomechatronic systems (Figure 2). Initially the establishment of a cross-
domain solution concept within the system design is conducted. Simultaneously the optic design is
developed, which has a significant influence on the system design. Therefore iteration loops between
the system design and the optic design are required. Within the optic design a concept is created which
describes the main physical working principle of the optical system. Suitable operating principles
respectively partial solutions for different sub-functions of the optical system are assigned.
Subsequently, a domain-specific design within the individual domains is carried out. In the domain
of optical engineering a detailed design and calculation of the optical system to ensure functional
performance using paraxial approximation, ray transfer matrix analysis and ray tracing methods.
Finally within the system integration the integration of the domain-specific designs into an overall
system takes place. Optical testing plays a decisive role in this context. The optical sub-systems are
being integrated into an overall system and tested by means of measurements such as light
distributions, aberration, resolution and contrast using the modulation transfer function (MTF).
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For the optic design within the V-model for optomechatronic systems, a methodical approach has
already been introduced and successfully applied for the development of a high-resolution headlamp
(Ley et al., 2019). This methodical approach is based on a sequential and partly parallel sequence of
individual actions. The combination of the individual actions and their relation through control flows
forms a sequence which describes the development of the optical system within the optic design. The
actions are explained briefly in the following.
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Figure 2. V-Model for optomechatronic systems (according to Ley et al., 2019)

First, requirements, e.g. photometric, geometric or functional, which have to be fulfilled by the system
are defined. The subsequent action proceeds with the selection of a suitable spatial light modulator.
Meaning that the modulator technology (LCD, LCoS, DMD) applied as well as the size of the active
area of the modulator and its aspect ratio have to be ascertained. Additionally, the Etendue of the
spatial light modulator has to be determined, which derives simplified from the product of the active
area of the modulator and the acceptance angle of the modulator. As conserved quantity in optical
systems, the Etendue serves as an indicator for the efficiency of optical systems.

Once the spatial light modulator has been selected, a suitable light source has to be chosen in terms of
technology and size. The determination of the Etendue, which simplified results from the product of
the emission area and the emission angle of the light source, in order to implement an efficient system,
is also required here. Due to high durability and efficiency, LEDs are nowadays used almost
exclusively for light generation. The clarification of a reasonable amount of LEDs to illuminate the
active area of the modulator also applies here. Given an ideal optical system to illuminate the active
area of the modulator, an efficient system can be assumed for comparable values of the Etendue of the
modulator and light source.

Resulting and tied to the chosen technology for the spatial light modulator and the size of the light
source applied, different system architectures can be implemented to set up the optical system (Texas
Instruments, 2010). The determination of the system architecture, which is the next step in method for
the optic design, deals with the spatial arrangement of the optical components within the optical
system. The optical system can basically be subdivided into an illumination system - to illuminate the
light modulator - and a projection system - to project onto the road when using a spatial light
modulator. Both optical subsystems serve to fulfil different functions and yet they are functionally and
spatially directly interdependent.

The main function of the projection optic is to image the light reflected by the spatial light modulator
into the projection area respectively traffic area. Various optical concepts can be applied (Wolf et al.,
2016b), which can be classified according to the type of distortion (distortion: not to scale
representation of an object). The type of distortion has significant influence on the illumination
strategy of the spatial light modulator and the efficiency of the optical system.
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After defining the type of distortion, in the next step the adjustment of the illumination strategy proceeds.
The illumination strategy, which depicts the way in which the active area of the modulator is illuminated,
can be divided into homogeneous and inhomogeneous (Ley et al., 2018b; Ley and Lachmayer, 2019).
An illumination strategy adapted to the type of distortion enables an increase in efficiency of the
projection optics and consequently of the overall system efficiency (Knéchelmann et al., 2018).

Once the requirements, a suitable spatial light modulator and light source selected as well as the
system architecture and distortion of the projection optic have been defined and the illumination
strategy adjusted, a so-called Etendue- and luminous flux factor will be calculated in the next step of
the method. The Etendue factor describes the ratio of the Etendue of the light source to the spatial light
modulator and serves to assess the system efficiency. The luminous flux factor, which results from the
ratio of the actual luminous flux to the target luminous flux on the active surface of the modulator,
determines the feasibility of light functions. As a consequence of the calculation, system
configurations which indicate inefficient systems or systems which cannot fulfil the required lighting
functions can be identified. For these cases, the methodical approach provides loops in order to make
adjustments.

To identify critical system configurations, which may lead to a collision of optical elements between
each other or between the illumination and projection path, the penultimate step of the methodical
approach is the creation of a beam model. Thereby, the optical system’s beam model is described
using paraxial optics. Also here critical system configurations can be eliminated by loops within the
methodical approach.

Finally, a numerical model of the optical system will be developed using conventional computer-aided
optical simulation methods, such as sequential and non-sequential ray tracing. However, the demand
for more efficient optomechatronic systems which at the same time provide high image quality leads
to the fact that in the added domain optical engineering of the proposed VV-model for optomechatronic
systems conventional ray tracing methods reach their limits. Therefore we propose the hybrid ray
tracing method below, which describes the coupling of sequential and non-sequential ray tracing.

4. Implementation of a hybrid ray tracing method for optical
engineering

In this section, features are first elaborated which are required to implement a hybrid ray tracing

method. Subsequently, a concept is introduced and described on how a hybrid ray tracing method can

be implemented including an advanced optimization function for the domain-specific design of highly
efficient optomechatronic systems.

4.1. Features to implement a hybrid ray tracing method

Nowadays, ray tracing is one of the most important method in the domain of optical engineering, even
though first approximations are performed using paraxial approximation or ray transfer matrix
analysis (Flores-Hernandez and Gomez-Vieyra, 2017). Based on the assumption that the propagation
of light can be described using geometric optics, ray tracing algorithms neglect wave properties of
light, such as interference or diffraction (Stolz, 2010). Within an optical system, the rays of a light
beam are traced from the object space through the optical system to the image space. The type of ray
tracing can basically be classified into the following two types:

1. Sequential ray tracing
2. Non-sequential ray tracing

In sequential ray tracing, rays from the object space are traced through a fixed sequence of optical
surfaces in which each ray interacts only once with each surface. Such simplified modelling has an
advantageous effect on the computation time in designing and optimizing optical systems, since only
the intersection point of the ray with the following surface is computated. This type of ray tracing is
used in particular for imaging optical systems (Hering and Martin, 2006; Michel et al., 2012).

For non-sequential ray tracing, there is no explicit order of the optical surfaces. Meaning that the ray
tracing algorithm examines the intersections of each ray with all optical surfaces within the system.
The next surface within the optical system that is intersected by a ray is the surface with the shortest
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distance to the current starting point of the ray and the intersection point in the direction of
propagation (Bonenberger, 2016; Stolz, 2010).

Comprehensive ray tracing in non-sequential ray tracing combined with a high number of random rays
as well as the consideration of absorption losses and Fresnel reflections (Table 1) within the optical
system leads, compared to sequential ray tracing, to an increased computational effort and longer
computing times.

Table 1. Properties of different ray tracing software

Sequential ray tracing Non-sequential ray tracing
Simplified modelling with a low number of rays High number of random rays (Monte-Carlo-Simulation)
Evaluation of the image sharpness of an optical image | Radiation characteristic of the light source

Fast optimization of the optical system Absorption losses in the optical materials
Fresnel reflections on surfaces

Evaluation of the amount of light on a surface
Efficiency of the optical system

Both ray tracing methods are therefore justified in their application and simultaneously indispensable
for the development of optical systems. In order to be able to develop elaborated optomechatronic
systems in the future, new ray tracing methods, like hybrid ray tracing, are required.

4.2. Concept to implement a hybrid ray tracing method

The objective of the hybrid ray tracing method is coupling sequential and non-sequential ray tracing in
order to enable a specific optimization of optical systems considering Etendue and thus efficiency and
image quality. Coupling both conventional ray tracing methods requires the definition of interfaces in
order to implement data exchange, for example using the Python scripting language. In addition, the
implementation of an advanced optimization function is advantageous in order to optimize the
efficiency of the numerical optical system in an ideal way. The procedure within the environment for
hybrid ray tracing is depicted in Figure 3.
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Figure 3. Simplified concept for a hybrid ray tracing method

First, the desired optical system needs to be set up and conventionally optimized within the sequential
ray tracing mode. After a user-defined number of optimization cycles, the system is transferred via the
interface into the non-sequential ray tracing environment, in which the efficiency of the optical system
is determined taking into account the radiation characteristics of the light source, absorption losses and
Fresnel reflection. The detected efficiency is then used, along with other optimization criteria such as
aberrations, contrast and lens thickness, in an advanced optimization function within the environment
of the hybrid ray tracing method, to optimize the optical system. This advanced optimization function
performs optimization cycles within the simulation environment of the sequential ray tracing, whereby
the optimization parameter is assumed to be constant until the next transfer. This process is repeated
until the system quality defined by the user or the optimum of the system is reached.
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Based on an already created and conventionally optimized optical system within the environment of
sequential ray tracing the structure and functionality of the advanced optimization function for optical
systems (Figure 4) will be explained in the following. Using the modelling language SysML the
individual steps within the approach are defined by specific consecutive actions. The combination of
specific actions and their relation through control flows generates a sequence describing the advanced
optimization function within the hybrid ray tracing method.

Advanced optimization function

!
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Open SC model ]

Execute ‘
ray trace

' Requirements fulfilled Write |||rnmous flux value
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E not fulfilled \l,
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Figure 4. Structure of the advanced optimization function within the hybrld ray tracing method

Save SC model and convert to NSC model

Saving the sequential model of the optical system and converting into a non-sequential model allows
to add further elements such as apertures or mechanical mounts by means of CAD objects.
Consequently, a realistic optomechanical design of the optical system can be analysed by a ray trace
with regard to the interaction of optical and mechanical components. The modelling depth has a
decisive influence on how well the optical system fulfils the lighting requirements in reality. For this
reason, it is necessary to consider the influences of aberrations, scattered radiation and reflected
radiation as well as alignment errors.

Execute ray trace

To determine the optical efficiency, a ray trace is performed within the environment of non-sequential
ray tracing using the defined light source(s), optical elements and detectors. Taking scattered and
reflected radiation into account, the optic design is analysed using a user-defined number of rays. If
the initially defined photometric requirements are not met, it is possible to run through an optimization
loop in which the luminous flux value, as representative for the optimization criterion efficiency, is
used as optimization parameter. For this purpose, subsequently the actual luminous flux value is read
from the detector. If the photometric requirements are met, the optimization is terminated.

Read and save luminous flux value
The luminous flux value as a parameter is read from the detector and saved to optimize the criterion of
efficiency.

Open SC model

The initial model of the optical system created in the environment of sequential ray tracing will be
opened. Simultaneously, the initially defined optimization criteria such as aberrations, contrasts, lens
sizes and thicknesses as well as their associated optimization parameters are loaded into the merit
function. The merit function measures the agreement of the target and actual values of the
optimization parameters in the subsequent optimization. Accordingly, it provides information on how
well the adjustment of the model is performed.

Write luminous flux value into optimization algorithm
Within the advanced optimization function, the luminous flux which has been read out and saved
during the ray trace is written as an additional and new optimization parameter into the optimization
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algorithm of the merit function. The extent to which the luminous flux value will be taken into account
during optimization can be determined by weighting. This allows to control influence on a balanced
ratio of image quality and efficiency of the optical system.

Execute optimization

Considering the defined optimization parameters including the luminous flux value and the specified
weightings, a user-defined amount of optimization cycles is performed. The sequential model of the
optical system is then saved again and converted into a non-sequential model. At this point, the
methodical sequence of the advanced optimization function begins all over again until the user-defined
system quality or an optimal optical system is achieved.

5. Comparison of hybrid ray tracing and conventional ray tracing

To validate the methodical approach, a collimation optic for an LED light source was designed
conventionally and with the assistance of the developed tool Opti? Hybrid Raytracing (2019) using the
simulation software Zemax OpticStudio®. The objective of the optimization was to achieve the
highest possible optical efficiency. In order to ensure a corresponding comparability of both optics, the
distance of the detector to the emission surface of the LED for both optics was determined at 14 mm
along the optical axis (z-axis). In addition, the distance from the emission surface to the first lens
surface was set to 0.8 mm. An Osram OSLON Black Flat LUW HWQP was used as light source. The
required ray file package for this LED is divided into a blue and a yellow ray file due to the different
angular properties of the blue and yellow spectrum. The following configurations have been set in
order to obtain a typical luminous flux and spectrum of the LED:

o The yellow and blue ray file exhibit the same position with respect to the x-, y- and z-
coordinates

e The contribution of the yellow ray file to the overall luminous flux was set to 97.7% and the
contribution of the blue ray file to 2.3%.

e The ray trace has been executed simultaneously for both ray files with each 5M rays

In both cases aspheric lenses were used for collimation (Figure 5), in which the radii of both lens
surfaces, the lens thickness, the conicity and the aspheric coefficients were specified as control
variables to optimize the lens with regards to optical efficiency.

N g

|

Detector

Figure 5. Simulated collimation optics: Hybrid ray tracing (left) and conventional ray tracing (right)

Based on the assumption that the functional surfaces of both lenses are anti-reflection coated to reduce
stray and reflected radiation, the optical efficiencies of the collimation optics listed in Table 2 were
achieved.

Table 2. Comparison of optical efficiencies for the simulated collimation optics

Hybrid ray tracing lens Conventional ray tracing lens
Optical efficiency 85,3% 82,2%
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The comparison of both lenses in terms of optical efficiency exhibits that an increase in efficiency
of 3.1% could be achieved using hybrid ray tracing compared to conventional ray tracing. This,
seemingly negligible, increase in efficiency has however a significant effect on the overall optical
efficiency in developing multi-lens systems such as high-resolution headlamps. Assuming that with
a multi-lens system consisting of three lenses, like the illumination optic of a high-resolution
headlamp, each lens exhibits the optical efficiencies listed in Table 2, an overall efficiency of 55.5%
will be achieved using conventional ray tracing. However, applying hybrid ray tracing yields a value
of 62.0%. The overall optical efficiency of the illumination optic can thus be increased by 6.5%
using hybrid ray tracing. This increase in efficiency becomes even more important when other
factors, such as the arrangement of the LEDs with respect to lens geometry (Ley et al., 2018a) or
thermal dependency of the conversion efficiency of phosphor-based LEDs are taken into account
(Wolf et al., 2016a).

6. Conclusion and outlook

In this contribution we outlined the increasing importance of optics in mechatronic systems, which
ultimately leads to optomechatronic systems. In addition optomechatronic systems can be classified
into opto-mechatronically fused systems, optically embedded mechatronic systems and mechatronically
embedded optical systems, according to Cho (2003). The latter, which are basically optical systems
with integrated mechanical and electrical components, were then described and explained in more
detail using the example of a high-resolution headlamp. Subsequently, a V-model for optomechatronic
systems was introduced based on the VV-model of the VDI 2206 (2004), involving three development
phases on a macroscopic level, to develop mechatronically embedded optical systems. Starting with
the optic design, a concept is developed which describes the main physical working principle of the
optical system. For the optic design, a methodical approach has already been introduced and
successfully applied in the development of a high-resolution headlamp (Ley et al., 2019). In the
second phase, a domain-specific design including calculation of the optical system within the domain
of optical engineering is performed. For this purpose, nowadays mostly conventional ray tracing
methods, such as sequential or non-sequential ray tracing, are used. In the last phase, within the
system integration of the developed optical system, optical testing is conducted by measurements such
as light distributions or contrast.

Focusing on the development of highly efficient optomechatronic systems, this contribution
introduced a methodical approach for the implementation of a hybrid ray tracing method for the
domain-specific design in optical engineering. The objective of hybrid ray tracing is to couple
sequential and non-sequential ray tracing in order to enable a targeted optimization of optical systems
considering Etendue and thus efficiency as well as image quality. Starting with requirements to
implement a hybrid ray tracing method, a concept for implementation was introduced, including an
advanced optimization function as an essential feature. Setting up the optical system in the
environment of sequential ray tracing, a user-defined amount of conventional optimization cycles of
the optical system are executed. Subsequently, the sequential model of the optical system is
transferred via an interface to the environment of non-sequential ray tracing. The efficiency of the
optical system is determined on the basis of the detected luminous flux, taking into account the
radiation properties of the light source as well as absorption losses and Fresnel reflection. Afterwards,
the detected luminous flux is used in the mode of sequential ray tracing as an optimization parameter
of the optical system to increase the optical efficiency by using the advanced optimization function.
Within the advanced optimization, a user-defined number of optimization cycles is performed similar
to conventional optimization. The luminous flux as optimization parameter is assumed as a constant
until the next transfer into the non-sequential mode of ray tracing. This procedure can be repeated until
the system quality defined by the user or the optimum of the system has been achieved.

In a final validation, a comparison of the hybrid ray tracing method and the conventional ray tracing
method was conducted by the example of a collimation optics utilizing an LED as light source. The
comparison demonstrated that, for this application example, it was possible to increase the optical
efficiency using the hybrid ray tracing method. The extent to which the hybrid ray tracing method
provides similar results for multi-lens systems must be clarified in future trials.
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