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Figure 1: Given one or more target objects to be illuminated and a set of constraints, such as candidate surfaces for luminaire placement
(left), our method optimizes the position and direction of light sources in order to enhance the appearance of geometric objects by highlighting
their prominent geometric features. The left inset also shows a heatmap for the score of potential light sources and the finally selected spot
lights marked with a white circle.
Abstract
In this paper we propose an effective technique for the automatic arrangement of spot lights and other luminaires on or near
user-provided arbitrary mounting surfaces in order to highlight the geometric details of complex objects. Since potential applications include the lighting design for exhibitions and similar installations, the method takes into account obstructing geometry
and potential occlusion from visitors and other non-permanent blocking geometry. Our technique generates the most appropriate position and orientation for light sources based on a local contrast maximization near salient geometric features and
a clustering mechanism, producing consistent and view-independent results, with minimal user intervention. We validate our
method with realistic test cases including multiple and disjoint exhibits as well as high occlusion scenarios.
CCS Concepts
•Computing methodologies → Visibility; Perception; Shape analysis; •Applied computing → Fine arts;

1. Introduction
Lighting quality can affect human behaviour, comfort and safety
and careful lighting design plays a significant role in numerous
application domains such as architectural modelling. Aside from
practical purposes, illumination is frequently used as a tool to establish a specific mood, enhance storytelling or perception of the
environment and capture the attention of the intended audience.
Despite its importance, lighting design, i.e. the optimization and
parameterization of luminaires, in order to satisfy a range of illumination goals, can be often counter-intuitive and time consuming,
even when performed by experienced specialists. The process often
requires the manual adjustment of light source parameters in a trial
and error basis to achieve the desired illumination.
c 2018 The Author(s)
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In recent years, computational methods that solve the Inverse
Lighting Problem (ILP) have emerged that, given a set of desired
illumination goals in the three-dimensional environment, generate
a configuration of light sources, whose resulting illumination satisfies the goals as close as possible. Unfortunately, the dimensionality
of the parameter space is practically unbounded, since any number
of light sources with their exact type, emission profile, position and
orientation must be determined. Therefore, inverse lighting methods typically attempt to address a sub-problem of the general light
design. The ILP itself is usually formulated as a high-dimensional
non-linear optimization problem with respect to the number and
parameters of the light sources, which is difficult to solve due to
the sheer number of parameters.
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In this paper we propose a generic approach for determining
the position and orientation of luminaires with known profiles in
a three-dimensional environment with the goal to visually accentuate the geometric detail of a number of target objects. Our method
exploits the lighting transitions of an illuminated object in order
to highlight its relief transitions, by increasing the local shadow
contrast near them. The method is better suited for non highly
glossy surfaces, since directional BTDFs tend to produce viewdependent illumination. Potential application areas include professional photography, exhibition setups or cinematography. Our work
is based on the idea of the shadow edge histogram [GP17], i.e. a
voting scheme for rays emanating from the highlighted geometry
on transitions between open and blocked depressions. In contrast
to [GP17], however, where distant, directional light sources were
only considered in a simplified spherical shadow edge histogram,
here the parameterization of light sources also includes position
and illumination profiles. For practical design purposes, the position of the light sources can be constrained on or near user-defined
geometry representing architecturally admissible mounting points.
Furthermore, the surrounding geometry of the highlighted objects
participates in the occlusion calculations, along with any occlusion
volumes representing potentially crowded areas. Last but not least,
light sources are clustered to minimize their overlap, respecting
physical limitations of luminaires in their spatial arrangement.
2. Related Work
The inverse lighting problem has been challenging researchers for
a long time. Despite the progress that has been made in the field,
it is still a difficult problem to tackle, due to its non-linear highdimensional nature. For that reason, it is mostly broken down into
sub-problems that are much easier to solve. Most of the work is
focused on setting a goal illumination and use an optimization algorithm to minimize the difference between the goal and produced
illumination. The goal illumination is usually specified as the desired illumination at user-defined positions or by using an image
representation of the scene and utilize it to either sketch the desired
intensity on it or use it to compute some statistical metrics. A survey of the early methods in the field is presented in [PP03], while
Schmidt et al. [SPN∗ 14] provided a more recent survey, focusing
on artistic editing approaches.
In one of the first attempts to solve the ILP, Poulin and Fournier
[PF92] proposed a way to define light positions in a scene by manipulating their shadows or highlights that are created on both diffuse and specular surfaces. Later, they extended their work [PRJ97]
and presented a system that controls the position of a number
of light sources by sketching shadows and highlights in a scene.
The system creates a light source or configures the existing one to
match the desired effect. Driving the computation of light sources
through direct painting of the final desired color on surfaces was
explored by many proposed systems. In the work of Pelaccini et
al. [PBMF07] a goal image is obtained from the user’s input and
drives a system that adds and parameterizes a light source, in order
to minimize the difference between output and goal image, using a
non-linear optimizer.
Kawai et al. [KPC93] presented a radiosity-based inverse lighting method aiming to optimize the lighting parameters to achieve

a balance between perceptual goals and energy consumption. They
optimize the emission, directionality and distribution of a set of
light sources along with patch reflectance. By tweaking the scene
brightness they aimed to offer the impression of "privacy", "pleasantness" and visual clarity. In the work of Shacked [SL01], the inverse lighting design paradigm is approached through the optimization of a perceptual, image quality objective function, designed to
quantify the information that is communicated to the user. Such visual information may include 3D shape definition of the geometry,
emphasizing on the geometric details or the spatial relationships
between the objects in the scene. They optimize the lighting parameters using a weighted sum of a number of image-based perceptual metrics as an objective function. In the same spirit, Léon et al.
[LGCB14] influenced by aesthetic goals usually found in film and
photography, generated a lighting configuration using perceptuallydriven image-space metrics.
Lin et al. [LHH∗ 13], proposed a system to paint the desired illumination on a set of surface samples inside a scene and compute
the position and emittance values of omni-directional light sources
by using a hierarchical coarse-to-fine approach and building a light
hierarchy. Then, they traverse and optimize each graph cut using
a non-linear least squares method, aiming to minimize the number
of lights. More recently, Gkaravelis et al. [GP16] pursued the same
goal but for arbitrarily complex environments with high occlusion,
using a hybrid nonlinear/linear optimization strategy and a hierarchical light clustering approach.
In the context of parameters optimization for directional lights, a
practical application for the fine-tuning of street lights was included
in the work of Schwarz and Wonka [SW14], which relied on nonlinear optimization to place directional light sources, however in a
highly-constrained light parameter space.
Considering isolated objects as the focus of the inverse lighting problem, Pellacini et al. [Pel10] present an interactive interface
for editing natural illumination, named EnvyLight. By sketching
strokes on lighting features they select and adjust them by modifying the appropriate regions of an environment map. Okabe et
al. [OMSI07] proposed a method to manipulate and alter environment maps by directly painting the outgoing radiance on the target
model. Then using an optimization process, they adjusted the environment map to match the painted radiance. Lee et al. [LHV04]
introduced a goal-driven lighting design system, named Light Collages, for the visualization of scientific datasets using deliberately
inconsistent lighting. Their system segments the visible surfaces
into patches and places light sources in each one of them, aiming to
maximize the visual information conveyed to the user by producing images with enhanced features and dispensing with physical
correctness. They further enhance the resulting image by adding
proximity shadows and emphasizing the silhouettes. Vergne et al.
[VPB∗ 10] proposed a method to scale the incoming radiance, thus
altering the shading of each surface, in order to enhance the appearance of prominent geometric features in a non-physically plausible
manner. Gumhold [Gum02] optimizes directional lights based on
image-space visual entropy for simple direct lighting.
The application of automated light parameterization in computational photography is becoming an interesting research subject, as
it can provide fast optimal control of lighting conditions. For examc 2018 The Author(s)
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ple, Murmann et al. [MDKD16] optimize the bounce flash direction
in real time to accentuate prominent facial features based on gaze
direction and bounce surface reflectance and geometric properties.
Wambecke et al. [WVBT16] used empirical photographic rules to
choose key and fill light directions based on image-space normal
vectors.
Shadow Edge Histograms (SEH) were introduced in [GP17], in
order to single out particular high-vote directions around an object
as potential candidates for placing (distant) light sources that can
effectively highlight relief patterns on them. Given a set of interest points on the object’s surface, a fan of directions is detected
that forms a horizon of shadow transitions on the points, or shadow
edges. A shadow edge is formed between blocked and non-blocked
parts of the hemisphere by other geometry. By requiring that potential lighting directions coincide with shadow edges, the interest points are partially obscured by the high elevation geometry,
while in contrast the latter are (potentially) lit by the particular light
source. The shadow edge directions add a vote to a directional histogram. We extend here this idea to also include the spatial distribution of light sources and their principal emission cone to properly
model and simulate physically plausible light rigs for interior lighting design. The process is described in detail in Section 3.3.
3. Method Description
Our method highlights the prominent geometric features of a model
by establishing a position and orientation for each candidate light
source so that it maximizes the occurrence of shadows between
ridges and valleys of the illuminated geometry relief. All light emitters are modelled as spotlights with a user-defined aperture and
falloff, whose position and orientation (central emission axis) are
optimized. To take into account IES profiles of actual luminaires,
we adjust the spotlight emission cone aperture to include the directions of the emission diagram corresponding to 90% of the luminaire’s emittance. We assume that for the specific problem of object
highlighting, axially symmetrical and mostly downward emitting
luminaires are useful (i.e. all typical spotlights), whose shape can
be easily approximated by the above ideal spotlight model.
3.1. Input and Constraints
The primary input of the method is the surface geometry of the
target object(s), with a number of salient points detected on them,
named interest points in the rest of the paper. Interest points represent steep depressions on the surface and correspond to mesh points
with Gaussian curvature below a user-defined (negative) threshold. Gaussian curvature is estimated using the MeshLab software
[CCC∗ 08] in a pre-processing stage, while the particular threshold
is provided from within our ILP solver graphical user interface. The
choice of this particular depression detection approach is not critical, as long as it provides sufficient features for the next stages and
therefore any suitable alternative method can be used.
Since very seldom individual objects are lit in isolation in practical applications, the user can import the geometry of the environment the target objects are placed in, which is taken into account in
any visibility computations. Apart from the scene geometry that
can block direct lighting from light sources, potential occlusion
c 2018 The Author(s)
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Figure 2: The basic elements in our lighting design model.

zones may be formed in the vicinity of crowded spaces. The user
can import arbitrary meshes representing these potential occluders,
which, although non-renderable, are treated as normal occluders in
any visibility computations during light optimization.
In real environments, light placement is restricted to or near
specific surfaces, where the particular type of luminaire can be
mounted. In our solver, this light position domain can be defined by
providing a separate set of arbitrary meshes. Light emitter positions
can be either constrained to lie on these surfaces, or allowed to float
over them on L discrete layers up to a specific distance. The latter
is achieved by supplementing the input light domain with L − 1
shifted versions of it towards the local normal direction at regular
intervals. With this layered light position domain, we can support
hanging lights or luminaires mounted on adjustable braces or poles.
All the above geometric entities and constraints are illustrated in
Fig 2.
3.2. Method Overview
The method consists of several steps that are summarized in Fig 3
and explained below.
After the specification of the interest points (model preprocessing stage), for every detected interest point p the shadow edge is
formed similar to [GP17] (see Related Work section).
Candidate light source positions are established by adding the
weighted contribution of each shadow edge ray to every cell formed
after discretizing all layers of the light position domain. Cells that
have a high concentration of votes will be considered as candidate
lighting positions. In contrast to [GP17], where shadow edge directions directly voted the corresponding discretized histogram cells
on the unit sphere, here cells on the light position domain are updated only if they are reachable by the corresponding rays (Section 3.3). A clustering step follows that determines candidate directions in each cell corresponding to non-overlapping emission lobes

A. Gkaravelis & G. Papaioannou / Light Optimization for Detail Highlighting

Model Geometry

Constraints

Model Preprocessing
Shadow Edge Detec�on
Candidate Light Source Genera�on
Light Source Selec�on
Importance Accumula�on
Vote Elimina�on
Light Source Ranking

Final Conﬁgura�on

Figure 3: Main steps of our method.

(candidate light source generation). Section 3.4 elaborates more on
this topic and Fig. 4 (b) shows the color-coded potential light source
weights resulting from the voting and clustering procedures.
Entering the lighting source selection stage, the goal is to promote in the final light configuration those light sources that maximize shadow edge coverage. At the same time, in order to a) ensure
maximum feature coverage over the object’s surface and b) minimize crossing beams that cancel out each other’s shadow transitions, all votes of prevailing lights are subtracted from all other candidate lights (vote elimination) and their importance is re-evaluated
(light source ranking). Fig. 4 (c), demonstrates this unique assignment of interest points to potential light sources.
In order to avoid geometrically interleaved points (from the same
surface region) receiving light from multiple light emitters, we perform agglomerative clustering of the interest points into contiguous features during pre-processing (Fig 4 - a). Votes are attributed,
eliminated and their importance measured in a per-cluster basis.
An (oriented) point joins an adjacent cluster if the dihedral angle
between its normal and the average cluster normal is below a predefined threshold. We set this threshold to 36 degrees throughout
all experiments.
3.3. Shadow Edge Histogram Revisited
In this step, for every interest point p, we identify directions that
form a visibility horizon of the transition between obstructed directions by the target objects’ geometry and open ones. As illustrated
in Fig. 5, this is constructed by sampling N directions ωi, j from
base to apex for M longitudinal slices. Throughout our tests, we

Figure 4: Results from the interest point clustering, voting and
light source selection for one of our test cases.

use M = 360 and N = 90. Rays (p, ωi, j ) of increasing elevation
θ j for a particular azimuth φi are cast from p and checked for intersection with the target geometry. If the ray intersects any part of the
target object(s), then we consider the ray to be blocked (occluded).
At every transition from an occluded ray to an unoccluded one or
vice versa, we use the unoccluded ray as part of the shadow edge.
We subsequently trace it up to the scene limits or until a hit with the
environment, a potential occluder or the user-defined light position
domain is found. If (p, ωi, j ) intersects the light position domain,
all additional light domain layers (if any) are also intersected with
the ray and all hits are registered. Each hit carries the interest point
c 2018 The Author(s)
Computer Graphics Forum c 2018 The Eurographics Association and John Wiley & Sons Ltd.

A. Gkaravelis & G. Papaioannou / Light Optimization for Detail Highlighting

Figure 6: Potential Light source generation mechanism. After direction clustering within a cell of the light position domain, small
clusters (here in red) are discarded.

source primary axis. Potential light sources with few votes are discarded as their contribution is very low. All potential light sources
in a cell share the same position (cell center).
3.5. Light Source Selection
Figure 5: Construction of the shadow edge.

id of p, the ray direction ωi, j and the squared hit distance to the
intersection with the particular light position domain layer. We use
the latter (inversed) as vote weight during the population of the
shadow edge histogram to better spread light sources and penalize
distant sources that would require higher power output for the same
illuminance level level. Accounting for reflectance is also possible,
as it practically becomes a multiplier to the above weight (low reflectance results in low contrast). Unfortunately, none of the test
datasets included reflectance information or texture to validate this.
Every hit record is uniquely assigned to a cell on the light position domain and constitutes a vote for both the representative discrete position of the cell and the lighting direction (see next). The
cells are non-overlapping partitions of the domain’s surface geometry that can be generated by any subdivision approach. In our implementation, hits are designated to Voronoi cells formed by the
projection of a tesselated icosahedron centered at the target objects
center of mass onto the light position domain surfaces. If no light
position domain is provided as input, L equally spaced nested boxes
are automatically generated, instead (see example in Fig 8).
3.4. Potential light source generation
Next, we generate potential light sources based on the generated
shadow edge hits. In each cell, the votes are clustered according to
the ray direction stored in their record to form clusters spanning the
solid angle that matches the profile of the luminaires specified by
the user (see Fig. 6). To this end, we employ a mean-shift algorithm
to cluster similar directions and create cones of focused emission.
We used as a distance function the dihedral angle between the ray
directions and as a window of the mean-shift algorithm half the
desired beam angle.
After the mean-shift algorithm has converged, we generate potential light sources with the cluster mean direction as the light
c 2018 The Author(s)
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The output of this final stage is the list of predominant light sources
that best highlight the target objects. This is a ranking and elimination process. First, for each potential light source a score is built by
simply summing the weights of the individual votes falling within
its cone, each one being the inverse square length of the corresponding ray segment. All potential light sources are sorted according to score and the highest-ranking one is retained, after building a
set S of all the interest point cluster IDs it contributes to. Next, votes
from interest points with a cluster id c ∈ S are removed from every other potential light source, and their score is re-evaluated. The
process is repeated until the desired number of final light sources
is achieved. As mentioned in the method overview, this vote elimination process can prevent the method from choosing light sources
that target the same geometric feature, thus ensuring a better coverage of the entire object and less interference.
4. Results and Evaluation
We performed our tests on scenes with scanned object of varying
geometric complexity, from simple isolated objects to objects in
scenes with high occlusion and constraints in order to simulate
complex environments such as museum exhibitions. In several of
our test cases, we expanded the light domain meshes in the normal direction forming additional layers for potential light positions
with increments of 10cm, to provide more practical alternative light
placements, especially for environments with high occlusion.
We ran all tests on an Intel 4930K with an NVIDIA GTX970
graphics card. The (single-linkage) agglomerative feature clustering is of O(n2 ) and for 3000 feature points takes 3̃00ms. The voting step is linear with respect to the number of rays cast and in our
GPU-based ray tracing implementation, the voting of 108 rays takes
4 sec. Light clustering runs in less than 1 sec, for all examples.
4.1. Objects in exhibitions and displays
This category of tests included experiments with configurations
for public display of collection items. Figures 1, 4 and 7 showcase such examples. As explained in Section 3.1 and Fig. 2, apart
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Figure 7: Exhibition-style experiments with a set of frieze pieces and two statues. From left to right: the target geometry (red) with the
light position domain (yellow) and potential occluders, representing standing visitors, the color-coded potential light source weights and the
resulting illumination from the final lighting configuration.

from the target geometry, each set may include a fixed environment,
e.g. museum halls, pedestals and display cases, a designer-provided
light position domain and other potential occluders. The friezes and
Statues test cases of Fig. 4 and 7 include such potential occluders
(shown in Fig. 7 as transparent cyan geometry), indicating zones of
visitor access close to the exhibits.
The Statues case, in Fig. 7 - bottom, is a difficult setup due to the
proximity of the crowd to the exhibits, the relatively confined space
of the hall (better shown in Fig. 2 and the designation of the light
domain on limited surfaces near the statues to avoid very bright
luminaires. The impact of the high occlusion can be easily observed
in this scene, as no significant votes ended up on the partition of
the light domain near the ceiling and very few votes were marked
on one of the wall sub-domains. The scene is lit by 8 low-power,
single-lamp and slightly non-symmetrical LTL12360 IES profile
luminaires. Our method achieved good shape definition and can be
used as an initial suggestion to the light designer, who may perform
further adjustments for aesthetic reasons.
The same type of luminaire was used in the Frieze example,
where 5 luminaires were placed underneath the exhibit. This may
seem counter-intuitive, as most people would naturally opt for a
downward placement of light sources, but given the space constraints and the potential interference of standing visitors, this arrangement was promoted by our system.
Although the confined space of the glass case in Fig. 1 limits the positional parameterization of potential light sources, the
method successfully placed three spotlights that also provide good
all-round coverage of the exhibit. The selected positions on the light
position domain are indicated in the same figure (left) with a white
circle.

4.2. Standalone Objects
For completeness, we also conducted a series of experiments with
standalone objects, where no constraints in the form of a userdefined light position domain or occlusion environment was provided, with the exception of the Happy Buddha model, which had
a user-defined, yet very wide position domain given. Two examples
can be seen in Fig. 8, but also in the comparison with a maximum
surface coverage strategy discussed next (Fig. 10). Since in the case
of the Happy Buddha statue, most salient features are aligned vertically, our method promoted sources with horizontally cast beams.
To deliberately explore less obvious light configurations, we included a light position domain consisting of two parallel planes and
the SEH optimizer adapted appropriately, resulting in the illumination shown in the bottom row of Fig. 8, with only 4 light sources.
The statue in the top row, is very irregularly shaped, with many
self-occluding parts, but a good feature delineation was achieved
with only 6 spotlights with a beam angle profile of 60 degrees.
4.3. Quantitative Evaluation
To assess the performance of our method, we measured two quantities with respect to the number of light sources computed by the
optimizer: the overall coverage of the salient features of the target geometry and the local contrast at the salient features. The first
is simply the percentage of clusters satisfied by at least one light
source and is a monotonically increasing quantity. The second is
the maximum difference of illuminance between an interest point
and its neighboring samples, averaged over all interest points. Figure 9 presents the two quantities for 3 different scenes, with a varying degree of constrained light positioning and occlusion. The average local contrast starts low since with few light sources many
features receive no light, depending on the complexity of the target
c 2018 The Author(s)
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geometry. As the number of light sources increases, more features
are highlighted but the additional light sources also interfere with
the already computed ones, washing out the local shadows of some
clusters. After a contrast peak is achieved, additional sources no
longer contribute to more features being covered and interference
becomes the prevailing factor.
4.4. Shadow Edge Histogram and Maximum Coverage
Many inverse lighting solutions address the satisfaction of lighting
intents as a constrained maximum coverage problem. Unless the
objects are devoid of features, we show here that this approach is
not appropriate for the highlighting of objects and compare results
of our method with a maximum surface coverage optimizer compatible with similar constraints. To optimize the target geometry
coverage, for every surface point we cast rays to every light position
domain cell center. If the ray is not intercepted, a vote, weighted
exactly as in our method, is added to the cell. Then the optimization iteration proceeds as in our method, building potential light
sources and removing the dominant source’s votes from the other
cells to produce non-overlapping lights. While our method attempts
to satisfy the shadow edges only on a reduced set of surface points,
i.e. the detected interest points, to make the comparison more fair
for the maximum coverage optimizer, all surface points are used in
the latter. Additionally, in the surface coverage optimization, since
there is no notion of feature clusters, the vote elimination is performed using the surface point IDs, directly.
Figure 10 presents a comparison of results from our method and
the maximum surface coverage approach. It clearly demonstrates
that attempting to illuminate as many areas as possible and picking
out the details are two contradicting goals. However, since SEH
implicitly favors non-overlapping sources, it strikes a good balance
between local high-contrast illumination and coverage. The 4 top
rows of Fig. 10 show the progressive inclusion of more lights in
the two light placement strategies.The maximum coverage strategy
only achieves high contrast with a single source, which however
c 2018 The Author(s)
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Figure 8: Two examples of single target objects. Top: the Lu
Yu model with no user-defined light position domain and 6 light
sources. Bottom: the Happy Buddha model with two parallel
quadrilaterals as light position domain and 4 light sources.
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Figure 9: Measurements for increasing number of light sources.
Top: average interest point local contrast. Bottom: interest point
cluster coverage. Objects used: Frieze1 from Fig. 4, Frieze2 from
Fig. 10 and Statues from Fig. 7 - bottom.

does not adequately illuminate the target object. On the other hand,
SEH maintains a relatively stable edge-preserving illumination as
more lights are added.
4.5. Determine the number of light sources
In our implementation, which includes an interactive lighting design cycle through a user interface, the number of light sources to
optimize is provided by the user. However, since the inclusion of
source to the final solution is based on potential light source ranking, the removal of a light source is trivial and the addition of a new
one requires minimal overhead: the cost of an elimination and reweighting iteration. The automatic determination of the number of
sources can be easily performed either by adding new sources until
a minimum percentage of interest points or clusters is satisfied, or
by maximizing the local contrast (see Section 4.3).
5. Conclusion and Future Work
We presented an automatic method for the placement and orientation of spotlights (as defined in the graphics nomenclature) in
order to enhance the appearance of geometric objects by highlighting their prominent geometric features. We exploited and expanded
further the notion of a shadow edge histogram, encompassing all
degrees of freedom for the placement of realistic luminaires and
included constraints for modelling and supporting real-world application scenarios. As a future research direction we intend to establish suitable metric to jointly optimize edge highlighting, coverage
and energy consumption, in a single framework, also taking into
account natural (fixed) lighting.
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