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Abstract. We introduce a current development in optical design for vehicle forward lighting
based on solid-state lighting, in particular, phosphor-converted white LEDs. The vehicles include
bicycles, bikes, and automobiles. Although the requirements regulating different vehicles are
different, the low beam always requires a high-contrast cutoff line. Three optical design ap-
proaches are discussed; these include a projection lens incorporated with a baffle or beam shaper,
multisegment reflectors, and complex lenses. A new design approach called light field manage-
ment technology for the multisegment reflector is introduced. In addition, the possible related
manufacturing errors and the robustness of different optical approaches are analyzed. Finally, we
introduce three approaches to adaptive forward lighting that provide a driver with brighter and
clearer vision without inducing glare to people on the roadway. The application of video pro-
jection technology to roadway illumination could be a trend of vehicle forward lighting based on
solid-state lighting. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution
of the original publication, including its DOI. [DOI: 10.1117/1.OE.60.9.091501]
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1 Introduction

In general, a white LED is made with a blue die covered with yellow phosphor to perform down-
conversion, so it is called a phosphor-converted white LED (simplified pcW-LED).1–10

PcW-LEDs have been extensively applied to general lighting and special lighting. So far, there
seems to be no serious limit on the LED light sources except the flux density. Thus, optimizing
the usage of an LED or pcW-LED is an important topic in general. Among various applications
of pcW-LED, automotive forward lighting is significant owing to the application in vehicles that
require long life, quick response, low cost, compact size, low power, and adjustable form
factor.11–13 Such characteristics are all equipped in pcW-LEDs. Before 2010, the barrier to apply-
ing a pcW-LED in vehicle headlamps was the cost and the luminous exitance. The former was
overcome by mass production and the latter by luminous efficiency that exceeded 100 lm∕W.14

Even with a luminous efficacy below 100 lm∕W, in 2007, the world’s first LED headlamp was
equipped in a luxury car,15 and this was the starting point of a new era of LED for automotive
forward lighting. It means that the optical properties of pcW-LEDs met the requirements of a
headlamp owing to their advantages in luminous efficiency and exitance. Such properties enable
pcW-LEDs suitable for vehicle forward lighting for trains, cars, trucks, motorcycles, and
bicycles.16–23 The vehicle forward light, which is also called the headlamp, is used to illuminate
all objects on the roadway for a driver. The headlamp must provide sufficient illumination to the
objects while avoiding inducing glare to the drivers or pedestrians on the roadway. Thus, the
light pattern of a headlamp is defined in certain regulations. Figure 1 shows the light patterns
in the ECE regulation,24,25 where the light patterns can be divided into two parts. The first,
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including the low beam and the fog beam, requires a high-contrast cutoff line. The bright zone is
below the cutoff line, and the dark zone is above the cutoff line. The principle of the cutoff line is
to protect people by decreasing glare on the roadway. The second, including the high beam and
the daytime running light, is without the cutoff line. The high beam provides clear vision to a
driver but induces serious glare to people on the roadway, so it can be used only when no people
are in front of the driver. The daytime running light is used to provide a clear signal of the car on
the roadway, so its function is as a signal rather than an illuminator. In this review paper, we
focus on the study of the optical design of forward lighting excluding the daytime running light.

2 Regulations

Before the introduction of the optical design, a review of the regulations is necessary. In this
paper, we focus on ECE regulations for automobiles and bikes and K-mark regulations for
bicycles.26 Figures 2 and 3 show the requirements of the low beam and high beam in the
regulation.

Fig. 1 A comparison of light patterns in ECE regulation.

Fig. 2 The ECE R112 regulation for the low beam. (a) The light pattern structure at 25 m and
(b) the detailed description.
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The ECE R112 regulation is for automobiles. Without the glare issue, the objective of the
high beam is to provide clear vision to a driver without any restriction, so the high beam pattern
is an ellipse. In comparison with the high beam, the light pattern of the low beam is much more
complicated because of the cutoff line. Above the cutoff line, the dark zone is required to provide
limited illumination to avoid glare. Below the cutoff line, the bright zone must be bright enough
with the light distribution covering the important viewing zone for the driver. So the light pattern
is not symmetrical and must be more widely spread along the horizontal direction than the ver-
tical direction. Figure 4 shows the regulation of ECE R113 class B, which is for bikes, including
e-bikes.24,25 Figures 4(a) and 4(b) show the detailed instructions for the low beam. Different from
the regulation for an automobile, the light pattern of the low beam for a bike is symmetrical along
the horizontal direction, but the cutoff line is required to provide high linearity and high contrast.
The linearity means that the cutoff line shall not exceed the vertical range formed by two hori-
zontal lines that are situated from 3 deg right to 3 deg left of the V-V line at 0.2 deg for class B.
The luminous intensity in the bright zone is smaller than that in an automobile, but the lateral
extension of the bright zone is similar to that in the ECE R112 regulation except without an
extended ground illumination. The light pattern of the high beam is spread horizontally with
less brightness required in comparison with the regulation for an automobile.

Fig. 3 The ECE R112 regulation for the high beam. (a) The light pattern structure at 25 m and
(b) the detailed description.24,25

Fig. 4 The ECE R113 class B regulation. (a) The light pattern structure of the low beam at 25 m,
(b) the detailed description, (c) the check points of the high beam at 25 m, and (d) the detailed
description.24,25
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The headlamp is equipped not only in a bike or an automobile but also in a bicycle, which is
used for transportation and health purposes. For a bicycle, the Germany regulation called the
K-mark regulation is the primary regulation,26 as shown in Fig. 5. The K-mark regulation is
somewhat similar to the ECE R113 class B regulation for its lower riding speed than that of
an automobile. The low beam in the K-mark regulation still requires a cutoff line but with less
brightness and narrower lateral extension. However, it requires more ground illumination than
that in the ECE R113 class B regulation. The high beam is similar to that in the ECE R113 class
B regulation, but with narrower lateral extension and less brightness.

Although the regulation of the automobile is stricter than those for the bikes and bicycles, the
space to contain the headlamp in an automobile is obviously bigger than the others. The space
and weight for a bicycle headlamp are always limited. In addition, a bicycle headlamp cannot
consume too much electrical power, and the price must be low; thus the design for a bicycle
headlamp is as complicated as that in the other vehicles.

3 Characteristics of pcW-LEDs

To design a headlamp with the use of pcW-LEDs, the properties of pcW-LEDs must be figured
out to fit the purpose. The properties include the allowed injection current/power and the effec-
tive area of the emitting surface. In general, an LED die of 1 mm × 1 mm is used to load 3W
of electrical power. Higher power requirements need a larger emitting area of the LED die.
However, a large emitting area has a large etendue, which is a geometrical factor that is related
to the formation of the cutoff line. The smaller the etendue is, the sharper the cutoff line is.27

Owing to the inherent scattering characteristic of the phosphor, the emitting surface of a pcW-
LED looks like a Lambertian surface.28 Therefore, etendue (U) is written as29–34

EQ-TARGET;temp:intralink-;e001;116;144U ¼ An2
ZZ

cos θdΩ ¼ πn2A; (1)

where n is the refractive index of medium, A is the emitting area, the solid angle of the light cone
dΩ ¼ 2π sin θdθ, and θ is the propagation angle of the light cone shown in Fig. 6. From Eq. (1),
the etendue is a function of the emitting area. Therefore, the power management of the light

Fig. 5 The K-mark regulation. (a) The light pattern structure of the low beam at 10 m, (b) the
detailed description, (c) the check points of the high beam at 10 m, and (d) the detailed
description.26
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source relates to the die area and the pcW-LED number for a headlamp. This means that the
injection power and the die area are two factors, but they are not independent of each other. To
have a clearer picture of the light source, we add a parameter called luminous exitance,35 which is
the ratio between the luminous flux and the emitting area, and it equals flux density. The larger
the exitance is, the smaller the etendue is. Figure 7 shows a comparison among several com-
mercial pcW-LEDs by Osram36 or Cree.37 The comparison shows that the pcW-LED with larger
luminous flux could always have a larger emitting area, so the etendue is larger. Thus, the eten-
due and the luminous exitance should be carefully considered. In a bicycle headlamp, the volume
and weight are limited, so there is less capacity to contain a large heat dissipater and optics.
Therefore, the etendue and luminous exitance are more important than the luminous flux in
designing a low-power bike or bicycle headlamp.

4 Optical Design Approaches

The design of a vehicle should follow the requirement of the appointed regulation, and then
choosing the most appropriate pcW-LED by following the analysis shown in Fig. 7 is the top
task. Then, the designer has to choose the suitable optical approach to form the light pattern in
considering the form factor, injection power, and cost. A design flow chart is shown in Fig. 8.
After the design, the precise light source model28,38,39 and accurate Monte Carlo ray-tracing
simulation must be done to check if the simulated design meets the regulation. The final step
is to make a prototype of the module and to examine the performance according to the regulation.

Fig. 6 The geometry for the integration of etendue.

Fig. 7 A comparison among commercial pcW-LEDs. The etendue and exitance are normalized
based on the value by XP-E(R3).
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If there is something wrong, the optical design and the manufacture of the prototype must be
checked until the experiment shows that the observed light pattern meets the regulation.

The optical design of the headlamp can be divided into two categories. The first is for those
with a cutoff line, and the second is those without a cutoff line. The design for the high beam and
the daytime running light is more straightforward. A lens or a mirror to shape the beam into an
ellipse with sufficient luminous intensity is applicable. Figure 9 shows an example using a reflec-
tor. The multisegment reflector shown in Fig. 9 is useful for shaping the projection light. The
principle of optical design is to adjust the divergent angle to meets the requirement. Since the
light pattern is an ellipse, the divergent angle along the horizontal axis should be larger than that
along the vertical axis. Such a light pattern is easy to achieve through a reflector or a compound
lens such as a total internal reflection (TIR) lens.40–45

The design becomes complicated when designing a low beam, regardless of the vehicle type.
The most difficult part is to form the high-contrast cutoff line. To summarize the available and

Fig. 8 Flowchart of the design procedure.

Fig. 9 A design for meeting the high beam of the ECE R112 regulation. (a) The designed geom-
etry, (b) the simulated light pattern at 25 m, (c) the prototype, and (d) the light pattern observed
in the experiment.
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effective design approaches, here we divide the approaches into three types. The first is a pro-
jection system with a beam shaper,42,46–50 the second is a multisegment reflector,51–56 and the
third is a complex lens including a freeform lens.57–75 Figure 10 shows the basic concept of the
projection system with a beam shaper.76 The traditional approach is to put the light source at one
of the focuses of the elliptical reflector. Then, the elliptical reflector focuses the light onto the
other focus of the reflector. A baffle is located at the second focus to shape the focusing light to
form the desired shape, and a projection lens is used to project the pattern far away from the
headlamp. Actually, this is an effective way to form the light pattern as required in the ECE R112
regulation. However, the energy efficiency is low because the baffle blocks the unwanted part of
the focusing light and loses energy. When a pcW-LED was applied to a low beam in 2008, the
energy efficiency and the total flux were two issues. Thus, a clever method was proposed to use
a beam shaper rather than a baffle to shape the light pattern,77 as shown in Fig. 10(b). The beam
shaper is a high-reflective plate to adjust the reflection angle of the focusing beam on the plate.
The plate is divided into two parts. One is to form the light pattern as required by the regulation,
and the other is to redirect the light downward to enhance the luminous intensity of the light
pattern. Such a design is effective not only for forming the required light pattern but also for
saving energy. Figure 11 shows an alternative design that uses a light pipe to replace the elliptical
reflector and the beam shaper.81,82 The light pipe is useful not only for mixing the light emitted
by multiple pcW-LEDs but also for shaping the light pattern. Owing to the limited power of a
single pcW-LED, there are several approaches to incorporating multiple pcW-LEDs in an optical
modulator if more luminous flux is needed. A compound light pipe is proposed to combine
several individual light pipes to incorporate multiple pcW-LEDs into a single exit face with
a specific shape that is projected by an imaging lens to form the low beam pattern.78–80,83

Figure 12 shows a design to use multiple reflectors with a common focus to collect light emission
from multiple pcW-LEDs.21,84 A simpler design is to use a tiny baffle in front of a pcW-LED to
shape the low beam pattern without using an elliptical reflector, as shown in Fig. 13.85 However,
such a simple approach is not energy efficient. An optics attached around the pcW-LED is nec-
essary to adjust the divergent angle of the emission light to increase the energy efficiency.

The second type of optical design is a reflector that forms the low beam pattern. In com-
parison with the approach using a beam shaper with an imaging lens, a single reflector that is
multisegment is more compact. However, forming a cutoff line is not straightforward. The beam

Fig. 10 The design with projection lens: (a) with a baffle and (b) with a beam shaper.76,77

Fig. 11 A light guide is use to collect multiple pcW-LEDs and to shape the low beam pattern.78–80
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shaping must be done through multiple segments with the technology called light field
management.86,87 Figure 14 shows the most common geometries for a reflector. The pcW-
LED is placed on the top side or the bottom side of the reflector. A combination of these two
types can be realized to take care of the low and high beams and to simplify the heat dissipation
structure.

To design the reflector, light field management is necessary to effectively optimize the multi-
ple segments. Light field management is a way to divide the light field by the pcW-LED with
several segments, and the number of the segment is from 8 to 40 generally. For each segment,
there are two factors that decide the role of the segment. The first is the etendue of the segment,
and the second is the luminous flux.87 The segments having the smaller etendue are suitable for
forming a high-contrast cutoff line. In contrast, the segments that bear larger luminous flux are
suitable for providing the main illumination. In the headlamp of an automobile, the high-contrast
cutoff line is formed by the reflected light from the segments with smaller etendue and higher
luminous flux. Figure 15 shows an example of a multisegment reflector that forms the low beam
with a pcW-LED and the high beam with the other pcW-LED. Owing to a single reflector with

Fig. 12 Several elliptical reflectors are used to collect multiple pcW-LED reflectors.21,49

Fig. 13 Using a tiny baffle near the pcW-LED to shape the low beam pattern.85

Fig. 14 The geometry structures of reflectors: (a) the downward type, (b) the upward type, and
(c) a combination of these two types.86
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two different light sources, each segment must play two roles for the two light sources.
According to the light field management, the designer can calculate the etendue and the lumi-
nous exitance of each segment and choose the most appropriate segments to direct the light to
form the low beam pattern. This means that the segments with the small etendue are used to form
the cutoff line. The segments with middle etendue are used to form the major part of the high
beam for the other pcW-LED. The segments with higher luminous exitance and higher etendue
are not suitable for forming a tightened pattern, so they are tilted to redirect the incoming light to
ground illumination. The simulated and observed light patterns are shown in Fig. 16.87

Multisegment reflectors have been successfully applied to various vehicle headlamps. For a
bike or bicycle headlamp, a downward structure is preferred because it is helpful for the heat
dissipation when the pcW-LED metal board that supports the pcW-LED is placed on the top of
the headlamp.88 Figure 17 is an example of a 3W pcW-LED serving as the light source; an eight-
segment reflector is designed to form the light pattern for the K-mark regulation. The light field
management technology is applied to the design, and the ground illumination is bright, uniform,
and long enough to provide good vision to a rider. The situation of an automobile is different;

Fig. 15 An example of a multisegment reflector. (a) The geometry and (b) the 26 segments and
the corresponding etendue and flux density in the unit of lm∕mm2.87

Fig. 16 (a) The prototype of the multisegment reflector, (b) the simulated light pattern at 10 m,
and (c) the experimental observation.87

Sun et al.: Review of optical design for vehicle forward lighting based on white LEDs

Optical Engineering 091501-9 September 2021 • Vol. 60(9)

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 25 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



there is more space for heat dissipation, so the downward and upward structures are not sig-
nificant. Sometimes, a combination structure is more convenient for heat dissipation, as in the
example shown in Fig. 18. The downward LED and the upward LED can be attached to the same
metal board to save space.

Through good management of the light field and precise model of the pcW-LED, the design
and simulation can well predict the light pattern on the target plane. For the application to a
bicycle headlamp, a 1-W pcW-LED is shown to meet the minimum requirement of the K-mark
regulation.27 To form a high-contrast cutoff line, there are various approaches related to using
a reflector, including an L-shape light pipe and a truncated reflector with a cylindrical lens.23

In addition, using a cylindrical lens array on the exit face of a headlamp is helpful for increasing
the contrast of the cutoff line and decreasing the manufacturing error.89,90

The third type of optical design is a complex lens or freeform lens that projects the desired
light pattern. Typically, a complex lens contains a TIR structure to collimate the light by the pcW-
LED, and the structure on the exit face is used to adjust the projection light pattern.91 Figure 19
shows an example of a bicycle headlamp with a pcW-LED serving as the light source. The com-
plex lens contains a TIR structure with three-segment exit faces.92 Each face forms a tightened

Fig. 17 (a) The structure of the reflector, (b) a photo of the bicycle headlamp, and (c) the projected
light pattern.88

Fig. 18 A headlamp containing upward pcW-LEDs for the high beam and downward pcW-LEDs
for the low beam.

Fig. 19 (a) A bicycle headlamp containing a complex lens and (b) the projected light pattern.92
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spot on the target plane. The K-mark regulation does not require linearity of the cutoff line, but
the bright zone of the light pattern must be laterally spread so that the light pattern meets the
regulation.

Another kind of complex lens is the freeform lens, in which the surface of the lens is designed
to shape the projection light pattern. Based on the ray function of the light source and the regu-
lation, the freeform surface is designed to reach the target. Figure 20 shows an example of a
clever design that combines an elliptical reflector, a beam shaper, and a projection lens into a
single volume.93 However, the design of the immersed pcW-LED could encounter problems in
manufacturing and heat dissipation. In addition, the volume of the lens is another problem in
manufacturing because shrinkage through plastic injection molding is unavoidable. Therefore,
keeping the accuracy of the lens shape is a challenge for the manufacturer. To this point, the
multisegment reflector is more robust and common than a complex lens in vehicle headlamps.

A successful optical design pays attention not only to the design and simulation but also to
the manufacturing quality. The complex lenses could suffer from shrinkage of the lens volume
during the molding process. The multisegment reflector could suffer from deformation during
the injection molding process of the plastic reflector. In a multisegment reflector, more segments
mean more boundaries between every two segments. The stress on the boundary induced
through the molding process could induce nonneglectful deformation and cause stray light
across the dark region. This effect could reduce the contrast of the cutoff line of the low beam
and falls to meet the regulation. Precise thermal analysis of the injection molding process could
simulate the shrinkage of the reflector.94 Once the stray light affects the contrast, a profile meter
is used to detect the surface of the reflector and check if there is serious deformation of the
reflector. Figure 21 shows an example of this issue. An eight-segment reflector was designed
to meet the K-mark regulation. In the design and simulation, the contrast reaches 9600, which is
the ratio of the illuminance at point A and the highest illuminance in the dark zone, as shown in
Fig. 22. However, the illumination by the prototype performs a different behavior. The illumi-
nance at point A reduces to 118 lux in comparison with 123.6 lux in the simulation. But the
illuminance at point HV in the dark region reaches 7.9 lux in comparison with 0.01 lux in the
simulation. The profile scanner is used to reconstruct the surface profile of the reflector. Through
the simulation based on the scanned profile, the light pattern and the illuminance at the important
checkpoints show similar illumination behavior with the measurement. The surface deformation
becomes one of the key factors to watch the manufacturing quality and the design capability
as well.

Fig. 20 An immerse freeform lens with full function to project the low beam pattern.93

Fig. 21 (a) The geometry of the eight-segment reflector and (b) the profile scanning result for the
surface, where the part in green closely fits the design.
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5 Adaptive Headlamps

The major illumination of the forward lighting is by the low beam or the high beam of a vehicle.
A high beam can provide clear vision to a driver or a rider, but it could induce glare to people on
the roadway. Thus, the low beam is the necessary forward lighting for a vehicle without causing
glare. If there is a way to extend the illumination area according to the driving circumstance but
not to cause glare, the driver’s vision will be greatly improved. The adaptive headlamps are made
for this purpose.95–101 Figure 23 shows an example of a feature of an adaptive headlamp.102 The
automobile equipped with the adaptive headlamp can automatically switch between the low
beam and high beam. But in most conditions, the extension beam is the typical mode that pro-
vides clearer vision. When there is an oncoming car or a car is in front of the automobile, the
adaptive headlamp dims the parts of the light pattern causing glare to people or switches to the

Fig. 22 (a) The designed reflector, (b) the simulated light pattern at 10 m, (c) the prototype, (d) the
experimental measurement, (e) the reconstructed reflector, and (f) the simulation result based on
(e). The numbers indicate the illuminance at the check point of HV (the blue spot) and A (the red
spot).

Fig. 23 A conceptual demo of the application of an adaptive headlamp. (a) The high beam with a
dimming part when following a car, (b) the pure high beam, (c) the high beam with a dimming part
when facing an oncoming car, and (d) a mixture of high beam and low beam when the oncoming
car is near.102
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mode with a mix of the low beam and the high beam patterns. The adaptive headlamp is a break-
through technology in forward lighting owing to high-speed image sensing and local-dimming
illumination technology.

The local-dimming forward lighting can be done through several approaches. The first is to
replace a pcW-LED with a laser diode (LD). A blue LD is similar to a blue LED in many aspects;
it can be used to pump a yellow phosphor for downconversion and finally appears as a white light
source,103–110 as shown in Fig. 24, where the phosphor is excited by blue light from an LD. If a
blue laser light is two-dimensional (2-D) scanned on a yellow phosphor, a lens can be used to
project the light pattern far away from the vehicle to form the forward lighting. The light pattern
could be adaptive when the laser light is modulated according to the image sensing on the road-
way. The advantage of using laser scanning on a phosphor is that the dimming part can be
quickly adjusted, as shown in Fig. 25. But the mechanical part of the 2-D scanner must be robust
in a dynamic circumstance by a driving automobile.

To avoid using a vibrating component, one of the approaches is to build up a light source with
a pcW-LED matrix.111 Through an imaging lens, the shape of the bright zone using the matrix is

Fig. 24 A yellow phosphor is illuminated by a blue LD and appears as a white light source with a
specific shape.

Fig. 25 (a) The complete light pattern, (b) a dimming part on the right side, (c) on the central right
side, and (d) on the central left side.

Sun et al.: Review of optical design for vehicle forward lighting based on white LEDs

Optical Engineering 091501-13 September 2021 • Vol. 60(9)

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 25 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



projected to the roadway. As shown in Fig. 26, the dimming part of the light pattern on the
roadway corresponds to the pcW-LEDs in the turn-off mode on the matrix. To have a high-
quality light pattern, the pixel number of the pcW-LED matrix (also called the lighting panel)
must be carefully calculated so the spatial resolution of the dimming shape is high enough.

When the pixel number of the lighting panel is increased to a certain level and the projection
lens is kept to an acceptable size, the pcW-LED should be small. If the dimensions of the lighting
panel are set to 5 mm × 10 mm and a total of 800 to 5000 active pixels are contained, the LED
size should be around 100 to 250 μm, which is in the range of the mini LED.112 An alternative
way to provide a high-density dimming light pattern is to use a spatial light modulator.113 The
digital micromirror device by Texas Instruments that contains millions of vibration mirrors is an
effective panel to form a dynamic light pattern through optical projection.114 The design of the
projection system is similar to that in the video projector,115 but the objective is illumination
rather than display, so the luminous intensity across the light pattern must meet the regulation.
Here, the beam intensity profile is one key factor in building up the light source.

6 Summary

We reviewed the current optical design approaches for vehicle forward lighting based on solid-
state lighting. The vehicles including bicycles, bikes, and automobiles. The headlamps include
the low beam and high beam. The low beam is regarded as the most important headlamp because
of the balance between illumination and antiglare. Then, we introduced several important
regulations for various kinds of vehicles. For the requirement of the low beam, a cutoff line
is necessary. The contrast of the cutoff line depends on the vehicle speed in the regulation.
Even for a bicycle headlamp, the cutoff line is not easily achieved because the headlamp is
always required to be light, compact, low power, and low cost.

In the optical design, we introduced three kinds of approaches. The first is a projection lens
with a baffle and a focusing mirror. An improved approach was proposed by replacing a tradi-
tional baffle with a beam shaper, so the luminous flux by the light sources can be utilized in higher
efficiency. The second is the multisegment reflector. Incorporated with light field management
technology and a precise light source model, a multisegment reflector could redirect the coming
light to the target plane and form a light pattern as required. Light field management technology is
a way to analyze the etendue and the flux density of the illumination on each segment by the light
source and then to decide the role of each segment. Through the technology, a single reflector can

Fig. 26 A schematic diagram of the adaptive headlamp with use of a pcW-LED array. The black
part corresponds to the off-state parts of the pcW-LED.
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project low beam and high beam patterns at the same time and meet various regulations. The third
is the complex lens that includes a freeform lens. A complex lens utilizes most boundaries of the
lens to redirect the light from the light source to the target plane. However, owing to the limit in
the lens volume, the usage of a complex lens is not as common as a multisegment reflector.

In the final section of this review, we introduce the goal and the advantages of an adaptive
headlamp, which can provide a driver with brighter and clearer vision while avoiding causing
glare to people on the roadway. The technology to support the adaptive headlamps are high-
speed image sensing technology, signal processing technology, and local-dimming illumination
technology. The optical approaches including laser scanning, a high-density pcW-LED matrix,
and utilization of a spatial light modulator to provide a variable light pattern, which is similar to
the design of a video projector, but the light source design should provide an appropriate light
profile and the power management of the light source should be well designed.
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