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Abstract. Smart lighting systems are capable of producing light when and where it is needed. Such
functionality can be achieved with adaptive optical systems, which consist of one or multiple ad-
justable components, enabling illumination with a variable radiation pattern. This paper introduces
the design of a compact, tunable optical system, allowing illumination with variable beam size and
beam direction. We demonstrate how this system can be combined with computer vision and a
feedback loop, to achieve a fully autonomous, smart illumination system.

1 Introduction

LEDs have had a large impact on advancing society
and research over the last years. However, despite
their efficiency, they are still a significant energy con-
sumer, causing high costs. This has led to the in-
troduction of smart lighting systems, creating light
when and where it is required, taking also comfort and
safety into account [1, 2]. To achieve this, researchers
have combined sensors with dimmable luminaires, ad-
justing the luminous flux based on environmental ac-
tivity [3, 4].

A remaining problem is that the luminous inten-
sity pattern is generally not matching the field-of-
illumination of interest to the user. Modern day opti-
cal systems frequently integrate freeform optics, able
of producing any arbitrary illuminance distribution
[5, 6]. However, if the targeted distribution changes,
the luminous intensity pattern can not be adapted
because freeform optics are stationary components.
This is a clear limitation in settings which are fre-
quently reorganized. Such systems demand illumina-
tion with adaptive optical components.

Previous research and commercial applications
have proposed various approaches for adaptive illumi-
nation with tunable radiation pattern. In particular,
systems exist with variable beam size and/or direction
[7, 8]. Ideally, lighting systems with tunable radiation
pattern could be combined with computer vision, to
achieve fully autonomous beam shaping. Such sys-
tems would also show great advantages over sensor-
based applications, since computer vision is generally
more robust [9, 10]. This paper gives an overview of
a smart lighting system with tunable radiation pat-
tern, with the functionality summarized in Figure 1a.
It consists of a tiltable mirror, combined with a tun-
able diffuser to achieve variable beam deflection and
beam size. This optical system is then combined with
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Figure 1. (a) Lighting fixture with tunable radiation
pattern. The beam deflection angle (ϕ, θ) and beam size
β can be adjusted. (b) The system in the software Light-
Tools 8.7.0.

a computer vision algorithm, trained to detect certain
target objects. After the detection, a feedback loop
is deployed to match the resulting light spot of the
adaptive luminaire with the detected object [11].

2 System overview

The proposed configuration consists of a sequence of
optical components, each having their individual in-
fluence on how light is guided through the system.
The emitted light from a high power LED is directed
through a TIR lens, which collimates the light bun-
dle, followed by an aspherical and spherical lens in
sequence, which serve as focusing optics. Lastly, a
tiltable mirror and tunable diffuser are used, and these
are the adaptive components (Figure 1b). The tun-
able diffuser is liquid crystal-based; the size of the
resulting beam depends on the supplied voltage. It is
crucial to also note that this has an effect on the effi-
ciency: the higher the degree of “beam enlargement”,
the more light is lost when passing through the dif-
fuser.
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Figure 2. (Left) Picture taken by the microprocessor -
(Middle) Segmentation map - (Right) Final illuminance
measured with a luminance camera.

2.1 Detection and feedback loop

The system is equipped with a Raspberry Pi and cam-
era. The camera detects an object, and the processor
adjusts the mirror and tunable diffuser to direct the
light towards the detection. We demonstrate the func-
tionality in a museum setting, to achieve automatic
painting illumination. Consider a computer vision
algorithm that performs image segmentation, mak-
ing a distinction between “background” and “paint-
ing”. Then the model makes a segmentation map of a
painting and knows where exactly it is located in the
camera field-of-view (Figure 2).

Adjusting the lighting system, the processor drives
the mirror by controlling engines, while also managing
the tunable diffuser via PWM signals. The feedback
loop initiates by putting the mirror and diffuser in
neutral position. The beam deflection angle is ad-
justed to closely match the center of mass of the de-
tected object. This is done by measuring the differ-
ence between the target spot and the current spot,
and iteratively adjusting the beam by 1◦ in the de-
sired direction until a stopping criterium is met. Af-
terwards, the spot size is adjusted via the tunable
diffuser. This is done instantly, since the relationship
between voltage and beam opening angle can be char-
acterized in advance.

3 Discussion and conclusions

Figure 3. Selectively
addressable LED arrays
allow for flexible
tailoring of luminous
intensity distributions.

We presented an approach to achieving flexible smart
lighting with variable radiation pattern. Based on an
optical system with a tunable mirror and diffuser, the
beam divergence angle and spot size can be adjusted.

The optical system is combined with computer vision
and a feedback loop, resulting in a fully autonomous
lighting system for museum applications.

An alternative approach would be to replace the
proposed lighting systems with a LED array. LED
arrays have seen extensive usage in the automotive
industry for adaptive car headlamps. In theory, it
would be possible to extend this application to indoor
lighting settings. Due to the pixelated nature of an
LED array, a single LED array could be sufficient to
achieve illumination of multiple objects at the same
time (Figure 3). Especially LED arrays with a high
pixel resolution (e.g. ≥ 1000 pixels) have the poten-
tial to serve as a single illumination source which can
simultaneously illuminate multiple objects, even with
more exotic shapes [12].
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